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CHAPTER 1. INTRODUCTION 
1.1 BACKGROUND 
E lec t romagnet i c  (EM) techn iques  and apparatus f o r  t h e  subsur face l oca -  
t i o n  o f  t r apped  mine workers  have been developed d u r i n g  t h e  past  decade. The 
" f i r s t - g e n e r a t i o n "  system [l - 4) t r a n s m i t s  s i g n a l s  i n  t h e  600 - 3000 Hz 
range t o  maximize t h e  s i g n a l - t o - n o i s e  r a t i o .  Phys ica l  movement o f  t h e  r e -  
c e i v e r  and d e t e c t i o n  by human ear  i s  r equ i red ,  and t h e  accuracy can be de- 
graded by i r r e g u l a r i t i e s  i n  t h e  conduc t ing  ground. 
The elements o f  t h e  "second-generat ion"  EM l o c a t i o n  system [5 ]  a re  shown 
i n  F i g u r e  1-1. The subsur face beacon t r a n s m i t t e r  i s  s i m i l a r  t o  t h a t  o f  t h e  
f i r s t - g e n e r a t i o n  system, bu t  uses a  lower  t r a n s m i t t i n g  frequency. Up l i nk  
s i g n a l s  a r e  rece i ved  by t h r e e  t h r e e - a x i s  m a g n e t i c - f i e l d  antennas ( c a l l e d  
"search c o i l s " ) .  The ampl i tudes o f  t h e  n i n e  f i e l d  components a re  forwarded 
t o  a  computer i n  t h e  e l e c t r o n i c s  van. The computer processes t h e  s i g n a l s  and 
determines t h e  p o s i t i o n  o f  t h e  subsur face t r a n s m i t t e r .  The requirements f o r  
p h y s i c a l  movement and d e t e c t i o n  by human ear  a re  e l i m i n a t e d  by t h i s  system. 
The deep-mine (1-km depth)  a p p l i c a t i o n  o f  e l ec t romagne t i c  (EM) t rapped-  
m iner  l o c a t i o n  techn iques  [5 ]  and t h e  d e s i r e  t o  reduce t h e  e f f e c t s  o f  t h e  
conduc t ing  ground [ 6  - 9) mandate t h e  use o f  lower  u p l i n k  f requencies.  A t  
such f requenc ies  ( 1  - 30 Hz), t h e  ambient-noise l e v e l s  [5,7,10] a r e  cons ider -  
a b l y  g r e a t e r  t han  t hose  i n  t h e  600-to-3000-Hz band used by t h e  f i r s t - g e n e r a -  
t i o n  EM l o c a t i o n  system. However, i n t r i n s i c - s a f e t y  cons ide ra t i ons  prevent  
s i g n i f i c a n t  i nc reases  i n  t h e  ou tpu t  o f  t h e  beacon t r a n s m i t t e r ,  and t h e  l i n k  
a n a l y s i s  [ 5 ]  c l e a r l y  shows t h a t  s imp le  s i g n a l  i n t e g r a t i o n  a lone does no t  p ro -  
duce adequate s i g n a l - t o - r a t i o  i n  an accep tab le  l e n g t h  o f  t ime.  
The p r ima ry  r e c e i v i n g  antenna i s  a  t h r e e - a x i s  m a g n e t i c - f i e l d  sensor, and 
rece i ves  bo th  t h e  u p l i n k  s i g n a l  and noise. S ince t h e  u p l i n k  s i g n a l  i s  a  qua- 
s i - s t a t i c  magnet ic f i e l d ,  i t  decays ve ry  r a p i d y  and has an i n s i g n i f i c a n t  as- 
s o c i a t e d  e l e c t r i c  f i e l d .  I n  c o n t r a s t ,  p ropagat ing  atmospher ic-no ise f i e l d s  
decay ve ry  s l o w l y  and i n c l u d e  bo th  e l e c t r i c -  and m a g n e t i c - f i e l d  components. 
An e l e c t r i c - f i e l d  antenna o r  a  remote m a g n e t i c - f i e l d  sensor t h e r e f o r e  re -  
ce ives  t h e  atmospheric no ise,  b u t  n o t  t h e  beacon s i g n a l .  
S ince t h e  no ises  rece i ved  by t h e  p r ima ry  and re fe rence  antennas a re  i n  
genera l  h i g h l y  c o r r e l a t e d ,  s i g n i f i c a n t  improvement i n  t h e  s i g n a l  - to -no i  se ra -  
t i o  (SNR) can be achieved by combining t h e i r  outputs .  S ince t h e  c o r r e l a t i o n  
c h a r a c t e r i s t i c s  o f  t h e  antenna ou tpu t s  change w i t h  t i m e  and a re  t h e r e f o r e  no t  
known a priori ,  an adapt ive-noise-cancel  l a t i o n  (ANC) a l g o r i t h m  i s  r equ i red  t o  
combine t h e  ou tpu t s  t o  o b t a i n  a  s i g n a l  w i t h  minimum noise.  
A p r e l i m i n a r y  i n v e s t i g a t i o n  o f  ANC techniques f o r  th rough- the-ear th  
(TTE) EM systems was conducted d u r i n g  Phase I of t h i s  program [ll]. A t h o r -  
ough s i m u l a t i o n  o f  ELF noise,  n o n l i n e a r  process ing,  and ANC a lgo r i t hms  was 
conducted under Phase I 1  o f  t h i s  program [12]. Th i s  r e p o r t  presents  t he  re -  
s u l t s  of Phase 111, d u r i n g  which r e a l  ELF no i se  da ta  were acqu i red  and used 
t o  eva lua te  t h e  performance o f  t h e  n o n l i n e a r  p rocess ing  and ANC a l go r i t hms  
t h a t  were developed d u r i n g  Phase 11. 
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E l e m e n t s  o f  e l e c t r o m a g n e t i c  l o c a t i o n  system. 
1.2 ANC CONCEPT 
A s i m p l i f i e d  example o f  an a u t o m a t i c - n o i s e - c a n c e l l a t i o n  techn ique  i s  
shown i n  F i g u r e  1-2. The ou tpu t  of t h e  p r ima ry  r e c e i v i n g  antenna i s  repre -  
sented by x and c o n t a i n s  t h e  d e s i r e d  s i g n a l  co r rup ted  by a  s i g n i f i c a n t  amount 
of no ise.  The s i g n a l - t o - n o i s e  r a t i o  (SNR) i n  t h i s  example i s  about -10 dB. 
Waveform y rep resen t s  t h e  ou tpu t  o f  a  no i se - re fe rence  antenna; i n  t h e  
p resen t  a p p l i c a t i o n ,  t h i s  antenna c o u l d  be e i t h e r  a  remote m a g n e t i c - f i e l d  
sensor o r  a  l o c a l  e l e c t r i c - f i e l d  sensor. Th i s  r ece i ved  s i g n a l  con ta i ns  l i t -  
t l e  o r  n o t h i n g  o f  t h e  d e s i r e d  s i g n a l ,  bu t  c o n t a i n s  no i se  t h a t  i s  h i g h l y  c o r -  
r e l a t e d  w i t h  t h a t  i n  t h e  ou tpu t  o f  t h e  p r ima ry  antenna (e.g., a - 1 and b 
<< 1 ) .  
The ou tpu t  s i g n a l  z i s  a  l i n e a r  comb ina t ion  o f  t h e  p r imary  and no ise -  
r e fe rence  s i g n a l  s. If t h e  cons tan t  c i s  s e t  p r o p e r l y ,  much o f  t h e  no i se  i s  
cance l l ed ,  p roduc ing  t h e  + l o  dB SNR shown i n  F i g u r e  1-2b. 
I n  genera l ,  t h e  no i se  s t a t i s t i c s  (hence cons tan t  c )  a re  n o t  known a 
priori and a re  t i m e  vary ing .  I t i s  t h e r e f o r e  necessary t o  use an adap t i ve  
techn ique  t o  s e t  t h e  va lue  o f  c f o r  maximum no i se  c a n c e l l a t i o n .  A v a r i e t y  o f  
such techn iques  have been developed f o r  o t h e r  a p p l i c a t i o n s  [I]. 
The t r a n s m i t t e r s  i n  t h rouah - t he -ea r t h  e l ec t r omaane t i c  svstems use e l e c -  
9 l oop  altpnnas aid cm therefore h a  re&w@d. ds m 
8 se o f  ex t reme ly  low e x c i t a t i o n  frequencies t o  r e  
f e c t s  o f  t h e  conduc t i ng  ground a l s o  guarantees t h a t  t h e  e l e c t r i c  f i e l d  p ro -  
duced by t h e  subsur face  t r a n s m i t t e r  w i l l  be n e g l i g i b l e  w i t h i n  i t s  r e g i o n  o f  
opera t ion .  Consequent ly,  t h e  f i e l d  produced i s  e s s e n t i a l l y  a  pure  quas i -  
s t a t i c  magnet ic d i p o l e  f i e l d  hav ing a  f ree-space s t r u c t u r e  w i t h  an i nve rse -  
d is tance-cubed amp l i t ude  v a r i a t i o n .  
Atmospheric n o i s e  a t  ex t reme ly  1  ow f r equenc ies  i s  produced p r i m a r i  l y  by 
thunders torms.  Nearby thunders torms produce d i s t i n c t  no i se  impulses, w h i l e  
t h e  aggregate o f  d i s t a n t  thunders torms produces a  Gaussian background no ise.  
S ince much o f  t h e  r ece i ved  n o i s e  power i s  con ta ined  i n  t h e  impulses, i t  i s  
necessary t o  i n c l u d e  p rocess ing  t h a t  e d i t s  ( b l anks )  o r  cancels  i n d i v i d u a l  i m -  
p u l  ses. 
Because t h e  a t t e n u a t i o n  r a t e s  f o r  ELF s i g n a l s  a re  ve ry  low (e.g., 0.2 
dB/Mm), most o f  t h e  r ece i ved  no i se  power ( e s p e c i a l l y  a f t e r  e d i t i n g )  i s  due t o  
d i s t a n t  sources. S ince t h e  wavelengths o f  t h e  s i g n a l s  of i n t e r e s t  a re  6  Mm 
(3600 m i )  o r  more, n o i s e  waveforms t end  t o  be s i m i l a r  a t  p o i n t s  separated by 
s i g n i f i c a n t  d i s t a n c e  (15 km). The p r imary  causes o f  d i f f e rences  i n  t h e  no i se  
waveforms a re  l o c a l  g e o l o g i c a l  f ea tu res  (e.g., changes i n  ground c o n d u c t i v i -  
t y ) .  Nonetheless,  n o i s e  waveforms w i t h  c o r r e l a t i o n s  from 0.9 t o  0.9999 (10 
t o  40 dB) can be found a t  s i t e s  separated by as much as 15 krn. (Th i s  c o r r e -  
l a t i o n  i s  t h e  b a s i s  o f  remote- re ference magne to te l l  u r i c s ) .  Since t h e  amp1 i - 
tude  o f  t h e  d e s i r e d  s i g n a l  decreases by 60 dB as d i s t ance  i s  inc reased  from 1 
km t o  10 km, i t  i s  apparent t h a t  a  remote m a g n e t i c - f i e l d  sensor can p rov i de  
an e s s e n t i a l l y  s i g n a l - f r e e  source o f  c o r r e l a t e d  no ise.  
INPUTS OUTPUTS 
( a )  B lock  d iagram 
X = 6 + n  
1 
- - * z = x + c y  
GAIN > 
y = an + bn c 
1 2 
1 
( b )  Waveforms 
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A propagat ing e lect romagnet ic  s igna l  conta ins  bo th  e l e c t r i c  and magnet- 
i c - f i e l d  components, which a re  r e l a t e d  by t h e  free-space impedance (377 Q). 
Propagation over conduct ing ground produces the  well-known phenomenon c a l l e d  
" E - f i e l d  tilt,'' which causes t h e  e l e c t r i c - f i e l d  t o  t i l t  i n  the  d i r e c t i o n  o f  
propagation. This  i m p l i e s  t h a t  the  h o r i z o n t a l  e l e c t r i c - f i e l d  components are 
s t r o n g l y  c o r r e l a t e d  w i t h  the  opposi te h o r i z o n t a l  magne t i c - f i e ld  components. 
Since the  beacon t r a n s m i t t e r  produces l i t t l e ,  i f  any, e l e c t r i c  f i e l d ,  i t  i s  
apparent t h a t  a  l o c a l  e l e c t r i c - f i e l d  antenna can a l so  be used as a  source o f  
c o r r e l a t e d  noise. The magne to te l l u r i c  technique f o r  geophysical prospect ing 
i s  based upon t h i s  phenomenon. A no i se -cance l l a t i on  technique based upon 
e l e c t r i c -  and m a g n e t i c - f i e l d  c o r r e l a t i o n  has been proposed f o r  use w i t h  t r o l -  
l e y  phones [13]. 
1.3 PHASE- I  RESULTS 
The o b j e c t i v e  o f  Phase I was t o  conduct a  p r e l i m i n a r y  i n v e s t i g a t i o n  and 
f e a s i b i l i t y  assessment o f  ANC techniques f o r  TTE EM systems [I]. The two 
p r i n c i p a l  areas o f  i n v e s t i g a t i o n  were: 
ELF-noise c h a r a c t e r i s t i c s ,  and 
ANC a lgor i thms.  
Phase I work a l s o  inc luded ana lys i s  o f  c o r r e l a t i o n  est imators.  
The TTE EM l o c a t i o n  system invo l ves  recept ion  o f  a l l  t h r e e  magnetic- 
f i e l d  components and ( i f  ANC i s  used) poss ib l y  a l l  t h ree  e l e c t r i c - f i e l d  com- 
ponents. The i n c i d e n t  f i e l d  inc ludes  the  v e r t i c a l  e l e c t r i c  and ho r i zon ta l  
magnetic components. The F ie ld -Lewins te in -Modes t ino  model represents s ing le -  
channel ELF no ise  as t h e  sum o f  Gaussian and power-Ray1 e i  gh random-vari abl  es. 
D i r e c t i o n - o f - a r r i v a l  c h a r a c t e r i s t i c s  a re  accommodated by us ing  m u l t i p l e  noise 
sources pos i t i oned  t o  correspond t o  the  major thunderstorm areas o f  t h e  world. 
Hor izonta l  - e l e c t r i c  and v e r t i c a l  -magnetic f i e 1  d  components are  generated 
by a "geology f i l t e r "  t h a t  accounts f o r  t he  e lect romagnet ic  c h a r a c t e r i s t i c s  
o f  t he  ground. 
The l i m i t e d  amount o f  publ ished empi r ica l  data f o r  t he  frequencies o f  
i n t e r e s t  show c o r r e l a t i o n s  o f  bo th  t h e  e l e c t r i c -  and magne t i c - f i e ld  compo- 
nents ranging from 0.9 t o  0.9999. These c o r r e l a t i o n  l e v e l s  suggest t he  pos- 
s i b i l i t y  o f  no ise  reduct ions  from 10 t o  40 dB through ANC. 
Candidate ANC a lgo r i t hm i n c l u d i n g  d i r e c t - m a t r i x - i n v e r s i o n  (DMI), g rad i -  
en t  (least-mean-square - LMS), and recu rs i ve  (Kalman-fi 1  t e r )  techniques are 
i d e n t i f i e d .  The DM1 and LMS techniques have the  most p o t e n t i a l  i n  the  TTE EM 
app l i ca t i on .  
1.4 PHASE-I1 RESULTS 
The o b j e c t i v e  o f  Phase I 1  was thorough comparison and eva lua t ion  by 
s imu la t i on  o f  ANC techniques f o r  t h e  TTE EM app l i ca t i on .  The s p e c i f i c  areas 
o f  i n v e s t i g a t i o n  i nc l uded :  
The Fie ld-Lewinste in-Modest ino (FLM) ELF-noise model, 
D i  r e c t i o n - o f - a r r i  va l  (DOA) c h a r a c t e r i s t i c s ,  
The geology fi 1  t e r ,  
Q E f f e c t s  o f  r e c e p t i o n  bandwidth, 
Non l inear -p rocess ing  techniques, 
e ANC a l go r i t hms ,  and 
The combinat ion o f  n o n l i n e a r  p rocess ing  and ANC. 
Sof tware was developed f o r  random-noise genera t ion ,  i n c l u d i n g  subrou- 
t i n e s  f o r  un i form,  Gaussian, and power-Rayleigh random-var iables.  The 
Gaussian and power-Rayleigh random v a r i a b l e s  a r e  ob ta ined  by non-1 i n e a r  
t r a n s f o r m a t i o n  o f  t h e  u n i f o r m  random v a r i a b l e .  Proper ope ra t i on  i s  v e r i f i e d  
by moment and h is togram t e s t s .  
Sof tware f o r  t h e  mult icomponent ELF-noise s i m u l a t i o n  model was imp le -  
mented. I n  t h i s  model, t h e  ou tpu t  f rom i n d i v i d u a l  no i se  sources i s  ob ta ined  by 
summing Gaussian and power-Rayleigh random v a r i a b l e s  as s p e c i f i e d  by t h e  FLM 
model. The v e r t i c a l - e l e c t r i c - f i e l d  component i s  ob ta ined  by summing t h e  ou t -  
pu t s  f rom severa l  such sources. The h o r i z o n t a l - m a g n e t i c - f i e l d  components a re  
ob ta i ned  by t r ans fo rm ing  t h e  ou tpu t s  o f  i n d i v i d u a l  sources i n t o  X and Y com- 
ponents and then  summing t h e  r e s u l t s .  The u n i t - p u l s e  response o f  a  homogene- 
ous ground i s  de r i ved  and used t o  implement a  geology f i l t e r .  Proper opera- 
t i o n  i s  v e r i f i e d  by moment, ampl i tude-h is togram, and DOA-histogram t e s t s .  
The FLM model cha rac te r i zes  ELF n o i s e  by power, i m p u l s i v i t y ,  and s p i k i -  
ness. However, va lues o f  t h e  i m p u l s i v i t y  and sp i k i ness  parameters a re  pub- 
l i s h e d  f o r  o n l y  a  l i m i t e d  number o f  bandwidths. The e f f e c t  o f  bandwidth up- 
on these  parameters was t h e r e f o r e  analyzed, and a  two-moment method f o r  con- 
v e r s i o n  was devel  oped. 
A cons iderab le  p o r t i o n  o f  t h e  power i n  ELF no i se  i s  con ta ined  i n  d i s -  
c r e t e  impulses. Non l inear  p rocess ing  can t h e r e f o r e  be used t o  reduce t h e  e f -  
f e c t i v e  rece ived  no i se  power. Non l inear  processors based upon e d i t i n g ,  c l i p -  
p ing,  adap t i ve  e d i t i n g ,  and adap t i ve  c l i p p i n g  were compared by s imu la t ion .  
The adapt i ve  c l i p p e r  was found t o  be most e f f e c t i v e .  
Narrowband DM1 and LMS ANC a lgo r i t hms  were implemented and compared by 
s i m u l a t i o n  w i t h  Gaussian no ise.  I n  t h i s  a p p l i c a t i o n ,  t h e  DM1 a l g o r i t h m  must 
bo th  es t ima te  t h e  no i  se-covar iance m a t r i x  and t h e  we igh t i ng  ma t r i x .  Since 
e r r o r s  i n  one es t ima te  produce e r r o r s  i n  t h e  o the r ,  i t  i s  e f f e c t i v e  t o  apply  
t h e  DM1 a l g o r i t h m  r e c u r s i v e l y .  (Two i t e r a t i o n s  a re  s u f f i c i e n t ) .  The simula- 
t i o n s  show a  g a i n  o f  0.1 produces t h e  g rea tes t  no i se  r e d u c t i o n  by t h e  LMS 
a lgo r i t hm.  The s imu la t i ons  a l s o  show t h e  DM1 a l g o r i t h m  t o  produce s i g n i f i -  
c a n t l y  g rea te r  no i se  r e d u c t i o n  than does t h e  LMS a lgor i thm.  
The DM1 a l g o r i t h m  was mod i f ied  t o  operate on complex i n p u t s  t h a t  repre -  
sent  t h e  narrowband ou tpu t s  o f  t h e  non l i nea r  processor (NLP). The DM1 ANC 
and NLP a lgo r i t hms  were then  combined; p roper  ope ra t i on  o f  bo th  subsystems 
was v e r i f i e d  by s imu la t i on .  The combined a l g o r i t h m  was then  t e s t e d  under a  
v a r i e t y  o f  cond i t i ons .  The b e n e f i t s  ob ta ined  w i t h  one a l g o r i t h m  a lone a re  
n o t  a d d i t i v e ,  b u t  t h e  i n c l u s i o n  of bo th  a l go r i t hms  i s  nonetheless des i r ab le .  
Under t y p i c a l  atmospheric cond i t i ons ,  t h e  t o t a l  no i se  r e d u c t i o n  ranges from 5 
t o  30 dB, dependi ng upon t h e  1  ocal  -no i  se 1  eve1 . 
1.5 PHASE-I11 OBJECTIVES AND ORGANIZATION 
The o b j e c t i v e  o f  Phase I 1 1  i s  t o  eva lua te  t h e  non l inear -p rocess ing  and 
a d a p t i v e - n o i s e - c a n c e l l a t i o n  a l g o r i t h m s  w i t h  ac tua l  ELF noise. The s p e c i f i c  
areas o f  work i n c l u d e :  
e Development o f  so f twa re  f o r  da ta  d i g i t i z a t i o n ,  
Development o f  so f twa re  f o r  da ta  t r a n s f e r ,  
Data a c q u i s i t i o n ,  
M o d i f i c a t i o n  o f  NLP/ANC sof tware a l go r i t hms ,  and 
Data p rocess ing  and s t a t i s t i c a l  e v a l u a t i o n  of t h e  r e s u l t s .  
Chapter 2 desc r i bes  t h e  d a t a - d i g i t i z a t i o n  hardware and sof tware.  D ig -  
i t i z a t i o n  i s  accompl ished by an I / O  Technology 1 2 - b i t  A/D conve r te r  board 
added t o  one o f  GMRR's Nor th  S t a r  Hor izon  computers. The d i g i t i z a t i o n  s o f t -  
ware uses t h e  computer 's  r e a l - t i m e  c l o c k  t o  d i g i t i z e  f o u r  ana log- inpu t  chan- 
n e l s  a t  a  100-Hz r a t e .  A semiconductor d i s k  emulator  i s  used f o r  temporary 
da ta  s to rage  t o  avo id  problems w i t h  t h e  t r a c k - t o - t r a c k  access t i m e  o f  t h e  
computer 's  f 1  oppy-di  sk d r i v e s .  
The ELF-noise da ta  and t h e  d a t a - a c q u i s i t i o n  procedure a r e  descr ibed  i n  
Chapter 3. Data a c q u i s i t i o n  was accompl ished a t  Develco 's  f a c i l i t y  i n  Sunny- 
va le ,  CA. T h i s  procedure e l i m i n a t e d  t h e  p o s s i b i l i t y  of degrada t ion  o f  t h e  
analog tapes by r e r e c o r d i n g  o r  shipment. A t o t a l  o f  four teen h a l f - h o u r  tapes 
were d i g i t i z e d ,  r e s u l t i n g  i n  some 16 megabytes o f  data. D i g i t i z e d  da ta  were 
r e t a i n e d  by GMRR f o r  subsequent p rocess ing  and t r a n s f e r r e d  t o  t h e  Develco 
HP-1000 computer f o r  t h e i r  p o s s i b l e  f u t u r e  use. 
Chapter 4  d iscusses t h e  da ta -p rocess ing  sof tware,  which i s  based upon 
t h e  s i m u l a t i o n  so f twa re  developed i n  Phase 11. M o d i f i c a t i o n s  t o  t h e  s imula-  
t i o n  so f tware  a1 low o p e r a t i o n  w i t h  a  s i n g l e - a x i s  p r imary  antenna, read ing  
n o i s e  da ta  f rom a  d i s k  f i l e ,  and e x t r a c t i o n  o f  a  c a l i b r a t i o n  constant .  A 
s i m u l a t i o n  o f  f i x e d  (nonadapt ive)  cancel  l a t i o n  i s  a1 so added. 
The r e s u l t s  o f  p rocess ing  t h e  da ta  a re  presented i n  Chapter 5. Data 
f rom each analog tape  were p a r t i t i o n e d  i n t o  s i x  segments o f  270-s du ra t i on .  
Each 270-s da ta  s e t  was used f o r  one s i m u l a t i o n  run  and processed w i t h  v a r i -  
ous c l i p p i n g  t h resho lds .  The bes t  r e s u l t s  were ob ta ined  w i t h  n o n l i n e a r  proc-  
ess ing  d isab led .  An o v e r a l l  average ANC g a i n  of 4.1 dB was ob ta ined  f o r  data 
f rom t h e  e leven  "und is tu rbed"  tapes. The average ANC ga ins  f o r  t h e  i n d i v i d -  
u a l  X, Y, and Z axes were 4.3, 11.9, and -1.9 dB, r e s p e c t i v e l y .  
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CHAPTER 2. DIGITIZATION 
ELF n o i s e  da ta  s u i t a b l e  f o r  use i n  e v a l u a t i n g  t h e  performance o f  ANC a l -  
go r i thms were c o l l e c t e d  by Develco, Inc., as p a r t  o f  t h e i r  work on t h e  deep- 
mines EM l o c a t i o n  system under Bureau-of-Mines c o n t r a c t  50199009. The des i r ed  
n o i s e  da ta  r e s i d e  i n  a  s e t  o f  ana log reco rd i ngs  made by a  TEAC R-61 p o r t a b l e  
c a s s e t t e  da ta  r eco rde r .  Four channels were recorded s imu l taneous ly ,  and t h e  
i n p u t  bandwidth  o f  each channel i s  about 30 Hz. 
To e v a l u a t e  performance o f  t h e  va r i ous  ANC a l g o r i t h m s  on GMRR's Nor th  
S t a r  computers, i t  was t h e r e f o r e  necessary  t o  d i g i t i z e  t h e  analog reco rd i ngs  
and t o  s t o r e  t h e  r e s u l t a n t  da ta  on No r th  S t a r  f l o p p y  d i sks .  Th i s  chap te r  
desc r i bes  t h e  so f twa re  and procedures developed t o  accompl ish t h e  da ta  d i g -  
i t i z a t i o n  and t r a n s f e r .  
2.1 APPROACH 
The approach ( F i g u r e  2-1) s e l e c t e d  f o r  a c q u i s i t i o n  o f  t h e  no i se  da ta  r e -  
q u i r e d  e q u i p i n g  a  GMRR computer w i t h  an A/D conve r t e r ,  t a k i n g  i t  t o  Develco, 
and d i g i t i z i n g  t h e  da ta  t he re .  Th i s  approach a l lowed p rocess ing  o f  t h e  o r i g -  
i n a l  analog reco rd i ngs  and a l s o  a l lowed t r a n s f e r  o f  t h e  d i g i t i z e d  data t o  t h e  
Develco computer. I n  c o n t r a s t  t o  o t h e r  p o s s i b l e  approaches, i t  avoided 
equ ipment - ren ta l  fees,  n o i s e  added i n  analog re - reco rd i ng ,  and t h e  p o s s i b i l i -  
t y  of damaging t h e  o r i g i n a l  r eco rd i ngs  d u r i n g  shipment. 
A Nor th  S t a r  Hor i zon  computer i s  used t o  c o n t r o l  data  d i g i t i z a t i o n  and 
s torage.  T h i s  computer has a  280 microprocessor ,  S-100 bus, 56 k i l o b y t e s  o f  
RAM, and two 338-ki  1  obyte-capac i  t y  f l  oppy-di  sk d r i  ves. Th i s  computer i s a1 so 
equipped w i t h  a  5 1 2 - k i l o b y t e  SemiDiskm (semiconductor  d i s k  emu la to r ) ,  and 
uses t h e  CP/M-80@ o p e r a t i n g  system. 
F i  1 t e r  
The four-channel  1  ow-pass f i 1  t e r  assembly suppresses broadband no i  se (0  
- 1000 Hz) i n  t h e  r eco rde r  ou tpu t .  Th is  n o i s e  cannot be suppressed i n  s o f t -  
ware because of  t h e  100-Hz sampl ing f requency. 
The f i l t e r  assembly was b u i l t  by Develco engineer  David Sch le i che r ,  and 
each channel employs a  two-po le  a c t i v e  c i r c u i t  ( F i g u r e  2-2) s i m i l a r  t o  t h a t  
used i n  Deve l co ' s  deep-mine EM rece i ve r .  Each channel has u n i t y  ga in  a t  low 
frequency, b o t h  po les  a t  29-Hz, and a t h e o r e t i c a l  response o f  
Measurements o f  t h e  f i l t e r  response show 22 dB a t t e n u a t i o n  a t  100 Hz and no t  
more than 2"  - 3" phase s h i f t  i n  t h e  0  - 30-Hz passband. 
NORTH STAR HORIZON 
~ i g u f e  2-1. Equipment. 

D i g i t i z a t i o n  
Data d i g i t i z a t i o n  i s  accompl ished by an 1/0 Technology S-100 A/D/A con- 
v e r t e r  board i n s t a l l e d  i n  t h e  Nor th  S t a r  computer. Th i s  board p rov ides  e i g h t  
s ing le-ended channels and has a b u i l t - i n  auto-zero c a p a b i l i t y  f o r  e l i m i n a t i o n  
o f  d c - o f f s e t  e r r o r .  
The board r e q u i r e s  12 us per  sample when sampl ing one channel w i t h  a 
cons tan t  ga in  and 24 us pe r  sample when changing channels and/or ga ins;  i t s  
speed i s  t h e r e f o r e  more than  adequate f o r  t h e  des i r ed  100-Hz sampl ing f r e -  
quency. I t s  1 2 - b i t  accuracy corresponds t o  a 72-dB dynamic range, which 
shou ld  a l s o  be more than  adequate, s i n c e  t h e  s p e c i f i e d  SNR o f  t h e  TEAC R-61 
reco rde r  i s  o n l y  50 dB. The conve r te r  has ga in  s e t t i n g s  o f  0.5, 2.0, 8.0, 
and 32.0 and a maximum measurement v o l t a g e  ( a f t e r  a p p l i c a t i o n  o f  g a i n )  o f  
25 V ;  t hese  l e v e l s  a r e  compatable w i t h  t h e  '1.5-V maximum ou tpu t  o f  t h e  TEAC 
R-61. The 10-MQ i n p u t  impedance o f  t h e  A/D/A board should a l s o  be compatable 
w i t h  t h e  6 0 0 4  ou tpu t  o f  t h e  TEAC R-61. 
A 100-Hz sampl ing f requency was s e l e c t e d  t o  ensure t h a t  no i n f o r m a t i o n  
i n  t h e  30-Hz-bandwidth analog s i g n a l s  i s  l o s t  i n  t h e  sampl ing process. S ince 
t h e  1 2 - b i t  ou tpu t  f rom t h e  AID conve r te r  can be packed i n t o  1.5 bytes,  s imu l -  
taneous d i g i t i z a t i o n  o f  f o u r  channels w i t h  a 100-Hz sampl ing frequency p ro -  
duces da ta  a t  t h e  r a t e  o f  600 bytes/s .  A f o r t y - m i n u t e  analog tape t h e r e f o r e  
produces a t o t a l  1,440,000 bytes. 
Storage 
The Nor th  S ta r  f l o p p y - d i s k  d r i v e  i s  capable of  s t o r i n g  data a t  t h e  r a t e  
o f  695 by tes / s  on t h e  average. However, t h e  s p e c i f i e d  t r a c k - t o - t r a c k  access 
t i m e  o f  40 ms i s  f o u r  t imes  t h e  10-ms sampl ing i n t e r v a l .  It i s  t h e r e f o r e  
i m p r a c t i c a l  t o  s t o r e  A/D o u t p u t  d i r e c t l y  on f l o p p y  d i sk .  
Data can be w r i t t e n  t o  t h e  SemiDisk by t h e  ope ra t i ng  system a t  an 
average r a t e  o f  3360 bytes/s .  However, data a re  t r a n s f e r r e d  t o  a d i s k  o n l y  
i n  128-byte records,  and 12 ms a r e  consumed i n  each such t r a n s f e r .  
It i s  t h e r e f o r e  necessary t o  t r a n s f e r  da ta  t o  t h e  SemiDisk on a by te -  
by-byte b a s i s  us ing  1/0 c a l l s .  Tests  show t h a t  t h e  average t i m e  requ i red  t o  
t r a n s f e r  one b y t e  v i a  t h i s  mechanism i s  0.09 ms. The worst-case t i m e  r e -  
q u i r e d  t o  t r a n s f e r  one b y t e  i s  0.2 ms, and occurs when a new s e c t o r  and/or 
t r a c k  must be s p e c i f i e d  th rough a d d i t i o n a l  110 c a l l s .  T rans fe r  o f  t h e  s i x  
by tes  generated by one se t  o f  f o u r  samples t h e r e f o r e  consumes a t  t h e  most 
o n l y  1.2 ms. Since t h e  t i m e  r e q u i r e d  i s  o n l y  a smal l  f r a c t i o n  o f  t h e  10-ms 
sampl ing per iod ,  t h i s  mode of access i s  s a t i s f a c t o r y .  
2.2 A/D-INTERFACE SUBROUTINES 
The s e t  o f  subrou t ines  descr ibed  i n  t h i s  s e c t i o n  i s  used t o  c o n t r o l  t h e  
1/0 Technology A/D/A  conver te r  board [l] and t o  i n t e r p r e t  i t s  output .  The 
subrou t ines  a re  l i s t e d  i n  Appendix A. 
Access 
The conve r te r  board can be jumpered t o  a l l o w  c o n t r o l  by e i t h e r  memory o r  
110 references. The r e q u i r e d  number o f  addresses (128) i s  r a t h e r  l a r g e  f o r  
t h e  8 - b i t  I / O  address space o f  8080-type microprocessors.  S ince t h e  Nor th  
S t a r  Hor izon  d i s k  c o n t r o l  l e r  uses memory addresses i n  t h e  range o f  E899H t o  
EB99H, memory f rom ECggH t o  FFFFH i s  n o t  g e n e r a l l y  u t i l i z e d .  The memory 
b l o c k  f rom ECPgH t o  EFFFH can t h e r e f o r e  be d isab led ,  a l l o w i n g  t h e  use o f  
t hese  addresses f o r  c o n t r o l  o f  t h e  AID conver te r .  The use of memory c o n t r o l  
r e s u l t s  i n  s l i g h t l y  f a s t e r  access t han  i s  p o s s i b l e  w i t h  I / O  c o n t r o l .  
C o n t r o l  By tes  
Subrou t ine  ADSET assembles t h e  two by tes  r e q u i r e d  t o  o rde r  an A/D con- 
vers ion ,  and computes t h e  addresses f o r  each. The "upper b y t e "  con ta ins  t h e  
b i a s  used f o r  o f f s e t - v o l t a g e  c o r r e c t i o n .  The " lower  b y t e "  i nc l udes  t h e  chan- 
n e l  number, ga in ,  and whether s ing le-ended o r  d i f f e r e n t i a l  measurements a re  
t o  be made. 
Conversion 
Subrou t ine  ADCNV o rde rs  an A/D convers ion  and r e t u r n s  t h e  r e s u l t .  To 
a l l o w  adequate s e t t l i n g  t i m e  a f t e r  changing channel o r  ga in  s e t t i n g s ,  two 
convers ions a r e  ordered and o n l y  t h e  ou tpu t  from t h e  second i s  a c t u a l l y  
re tu rned .  P r o v i s i o n  i s  i n c l u d e d  f o r  w a i t i n g  f o r  t h e  conversion-complete 
s i gna l .  However, i n  p r a c t i c e  t h e  va r i ous  computer i n s t r u c t i o n s  t h a t  must 
be c a r r i e d  between o r d e r i n g  t h e  convers ion  and read ing  ou t  t h e  r e s u l t  t ake  up 
more t i m e  than  t h e  convers ion.  (The No r th  S t a r  Hor izon  runn ing  a program 
w r i t t e n  i n  M i c r o s o f t  FORTRAN-80 r e q u i r e s  26 PS t o  do a PEEK and 9 PS t o  do an 
IF.) 
I n t e r p r e t a t i o n  - o f  Output  
Subrou t ine  ADVOLT conve r t s  t h e  two-byte r e s u l t  of a  convers ion i n t o  a  
f l o a t i n g - p o i n t  vo l tage.  E i g h t  b i t s  f rom t h e  lower  b y t e  and t h r e e  b i t s  f rom 
t h e  upper b y t e  a r e  assembled i n t o  an i n t e g e r .  The i n t e g e r  i s  then  conver ted 
i n t o  a  f l o a t i n g - p o i n t  v a r i a b l e  and scaled. The s i g n  i s  determined from b i t  
f o u r  o f  t h e  upper b y t e  and t h e  vo l t age  i s  mod i f ied  i f  necessary. F i n a l l y ,  
t h e  vo l t age  i s  sca led  t o  i n c l u d e  t h e  conve r te r  gain.  
Auto Zero --
Subrout ine  ADBIAS a u t o m a t i c a l l y  f i n d s  t h e  b i a s  by te  t h a t  b r i n g s  t h e  
ou tpu t  v o l t a g e  c l o s e s t  t o  zero. A b inary -search  procedure w i t h  a  t o t a l  o f  
t e n  i t e r a t i o n s  i s  used. The ana log- inpu t  l i n e s  must be grounded f o r  t he  
auto-zero procedure t o  be e f f e c t i v e .  
Gain S e l e c t i o n  
Subrou t ine  ADBIAS que r i es  t h e  user  f o r  t h e  maximum a n t i c i p a t e d  i n p u t  
v o l t a g e  and se t s  t h e  g a i n  t o  t h e  maximum value t h a t  can be used w i t h o u t  sa tu -  
r a t i n g  t h e  conver te r .  
2.3 SEMIDISK-INTERFACE SUBROUTINES 
The SemiDiskm i s  a  512 -k i l oby te  random-access memory t h a t  responds t o  
1/0 c a l l s  r a t h e r  than  memory re fe rences ,  thus  a l l o w i n g  i t s  use i n  an 8080- 
t y p e  env i  ronrnent w i t h  16-b i  t memory address ing [2]. The SerniDi sk i s  accessed 
t h rough  f o u r  1/0 addresses, which a r e  used t o  s p e c i f y  data by te ,  b y t e  number 
(0  - 127), s e c t o r  number ( 0  - 15), and t r a c k  number ( 0  - 255). The se t  o f  
f i v e  subrou t ines  l i s t e d  i n  Appendix A and exp la ined  below p rov ide  convenient,  
r a p i d  access t o  t h e  SemiDisk. 
I n i t i a l i z a t i o n  
The SemiDisk i s  i n i t i a l i z e d  by sub rou t i ne  SDINIT. SDINIT se ts  up t h e  
1/0 addresses (8gH - 83H i n  t h i s  system), s e t s  t h e  byte,  sec to r ,  and t r a c k  
coun te rs  t o  zero, and ( o p t i o n a l l y )  zeros a l l  SemiDisk memory. 
Read and W r i t e  --- 
Subrout ine  SDREAD reads one b y t e  o f  data from t h e  SemiDisk a t  t h e  l oca -  
t i o n  c u r r e n t l y  s p e c i f i e d  by t h e  by te ,  sec to r ,  and t r a c k  counters.  Subrout ine 
SDWRIT s i m i l a r l y  w r i t e s  one da ta  b y t e  t o . t h e  SemiDisk. 
Set and Increment --
Subrout ine  SDSET i s  used t o  w r i t e  des i r ed  by te ,  sec to r ,  and t r a c k  num- 
bers  t o  t h e  SemiDisk. Subrou t ine  SDINCR increments these counters  i n  an ap- 
p r o p r i a t e  manner a f t e r  a  b y t e  i s  read o r  w r i t t e n .  
2.4 OPERATIONAL PROGRAMS 
Opera t iona l  use and check ing o f  t h e  A/D system i s  accomplished by a s e t  
o f  t h r e e  programs: 
"AD" d i g i t i z e s  f o u r  analog i n p u t s  and s to res  t h e  r e s u l t s  i n  t h e  
SemiDi sk. 
"SF" t r a n s f e r s  da ta  from t h e  SemiDisk t o  f l o p p y  d i s k  a t  t h e  end o f  
a  d i g i t i z i n g  session. 
0 "FD" decodes da ta  from a f l o p p y  d i s k  and d i s p l a y s  t h e  corresponding 
s e t  o f  vo l tages  f o r  each sample se t .  
Program l i s t i n g s  a r e  g i ven  i n  Appendix A. D isk backup i s  accomplished by t h e  
s tandard CP/M u t i l t y  "COPY".  
D i a i t i z a t i o n  
Upon s t a r t - u p ,  t h e  "AD" program r e q u i r e s  t h e  user  t o  respond t o  f i v e  
ques t ions  rega rd ing  
o Phys i ca l  -channel s e l  e c t i o n ,  
Maximum i n p u t  vo l tage ,  
B i a s - c o r r e c t i o n  method, 
D u r a t i o n  o f  process ing,  and 
e Sampling i n t e r v a l .  
Any s e t  o f  f o u r  o f  t h e  e i g h t  AID-conver ter  i n p u t  channels can be se- 
l e c t e d  f o r  d i g i t i z a t i o n .  The g a i n  i s  s e t  t o  t h e  maximum va lue  c o n s i s t a n t  w i t h  
t h e  maximum a n t i c i p a t e d  i n p u t  vo l tage .  B ias  c o r r e c t i o n  (au to -zero )  can be 
accomplished by assumption, measurement, o r  read ing  c o r r e c t i o n  by tes  f rom a  
d i s k  f i l e .  The va lues o f  t h e  c o r r e c t i o n  by tes  a re  d i sp layed  by t h e  program, 
and must be p laced  i n  t h e  f i r s t  l i n e  of  t h e  d i s k  f i l e  i n  FORTRAN 415 format  
i f  t h a t  o p t i o n  i s  t o  be used i n  subsequent runs. 
The d u r a t i o n  o f  t h e  p rocess ing  i s  s p e c i f i e d  by t h e  number o f  100-sample 
da ta  s e t s  ( four -channe ls )  t o  be processed. For  t h e  des i r ed  100-Hz sampl ing 
frequency, t h i s  number i s  t h e  number of  seconds o f  da ta  t o  be processed. The 
sampl ing f requency i s  s e t  by s p e c i f i y i n g  t h e  number o f  3.3-ms i n t e r v a l s  i n  
one sampl ing i n t e r v a l .  S e t t i n g  t h i s  number t o  3  produces a  10-ms sampl ing 
i n t e r v a l ,  hence t h e  d e s i r e d  100-Hz sampl ing frequency. 
Subrou t ine  PACK compresses t h e  e i g h t - b y t e  conver te r  ou tpu t  f o r  a  f o u r -  
channel data s e t  i n t o  s i x  by tes  f o r  storage. As shown i n  F igu re  2-3, t h e  
f o u r  lower  by tes  ( i n  which a l l  e i g h t  b i t s  a re  u t i l i z e d )  a re  s to red  w i t h o u t  
change. However, t h e  low-order  n i b b l e s  f rom f o u r  upper by tes  a r e  packed i n t o  
two bytes.  
Timing i s  c o n t r o l l e d  by t h e  r e a l - t i m e  c l o c k  i n  t h e  Nor th  S ta r  Horizon, 
which i s  jumpered t o  generate 3.3280-ms i n t e r v a l s ;  t h r e e  such i n t e r v a l s  and 
t h e  re1 a ted  i n s t r u c t i o n s  produce t h e  des i r ed  10-ms sampl i ng i n t e r v a l  (F i gu re  
2-4). The t o t a l  t i m e  r e q u i r e d  f o r  sampling, packing, and s t o r i n g  t h e  data i s  
2.0 ms (1.4 ms f o r  sampling, 0.6 ms f o r  pack ing and s t o r i n g ) .  To a l l o w  f o r  
any p o s s i b l e  v a r i a t i o n  i n  t i m e  requi rements,  sampl ing i s  undertaken d u r i n g  
t h e  f i r s t  3.3-ms i n t e r v a l  and p a c k i n g / s t o r i n g  i s  undertaken d u r i n g  t h e  second 
3.3-111s i n t e r v a l .  One o r  more 3.3-ms i n t e r v a l s  a re  added t o  o b t a i n  a  sampl ing 
i n t e r v a l  of 10-ms o r  l onge r  du ra t i on .  Tests  show t h e  r e s u l t a n t  100-Hz sampl- 
i n g  frequency t o  be accura te  t o  w i t h i n  '0.001 Hz. 
Each t i m e  i t  i s  used, t h e  program requests  f rom t h e  opera to r  an A S C I I  
d a t a - i d e n t i f i c a t i o n  l a b e l ,  whose l e n g t h  can be up t o  64 charac te rs .  The 
f i r s t  128 by tes  o f  data s to red  on t h e  SemiDisk (hence subsequent ly on f l oppy  
d i s k )  i n c l u d e  t h i s  l a b e l  and o t h e r  parameters such as ga in ,  number o f  sam- 
p l es ,  and d u r a t i o n  o f  t h e  sampl ing i n t e r v a l .  The format o f  t h i s  data b l ock  
i s  shown i n  Table 2-1. 
CLOCK FLAG J - A - l - l  
TIME 
BYTE NUMBERS 
F i g u r e  2-4. T im ing .  
USE 
D a t a - i d e n t i f i c a t i o n  l a b e l  - ASCI I  t e x t  
Ga in  code (0:  0.5, 1: 2.0, 2: 8.0, 3: 32.0) 
Number o f  100-sample  s e t s  
Number o f  3.3-111s i n t e r v a l s  p e r  sample 
Unused, s e t  t o  z e r o  
T a b l e  2-1. D a t a - i d e n t i f i c a t i o n  b l o c k .  
r r a n s t r > r  t o  - Flo_pey -- D i s k  -
I'r-c~cjrdi*, "5F " t r a n s f e r s  d a t a  f rom t h e  Sem1l)isk t o  a f l o p p y  d i s k .  The 
proyrai r i  r e l l l l i r e s  t h e  o p e r a t o r  t o  s p e c i f y  t h e  nurnber o f  100-sample s e t s  and 
t-he f i ler iami.  o f  t h e  f l o p p y - d i s k  f i l e .  Data  a r e  t r a n s f e r r e d  t o  t h e  d i s k  i n  
packed for111 t o  r lax i rn i  zc i t s  s t o r a g e  capab i  1 i t y .  The o p e r a t i n g  sys tem irnposes 
d r e a d - a f t e r - w r i t e  check  t o  ensu re  d a t a  i n t e g r i t y .  
Data  Decod ing -
The d a t a  s t o r e d  on a  f l o p p y  d i s k  b y  prograln " S F "  can be decoded and d i s -  
p l a y e d  by p r o g r a q  "FD" .  The d a t a - i d e n t i f i c a t i o n  b l o c k  i s  decoded f i r s t ,  and 
t h e  l a b e l ,  g a i n ,  number o f  100-sample s e t s ,  number o f  3 . 3 4 s  samples,  and 
sarnpl i n y  f r e q u e n c y  a r e  d i s p l a y e d  on t h e  conso le .  The program t h e n  b e g i n s  
unpack ing  and d e c o d i n g  t h e  d a t a .  Each s e t  o f  f o u r  v o l t a g e s  i s  d i s p l a y e d  
a l o n g  w i t h  t h e  samp le -se t  and sample numbers. 
2.5 OPERATIONAL PROCEDURES 
The mdxirnum l e n g t h  o f  a d i g i t i z i n g  s e s s i o n  i s  l i m i t e d  by  t h e  3 3 8 - k i l o -  
b y t e  (346,112-by te)  c a p a c i t y  o f  t h e  f l o p p y  d i s k .  F o r  a  samp l i ng  f r e q u e n c y  o f  
100 H z ,  t h e  maximum s e s s i o n  d u r a t i o n  i s  576 s  (9 .61  m i n u t e s ) .  P r i o r  t o  be- 
g i n n i n g  t o  d i g i t i z e  a  new t a p e ,  t h e  o p e r a t o r  must d e t e r m i n e  t h e  d u r a t i o n  o f  
t h e  r e c o r d i n g  and b reak  i t  i n t o  a  s u i t a b l e  s e t  o f  two o r  t h r e e  i n t e r v a l s .  
Conven ien t  s e s s i o n  l e n g t h s  a r e  540 s  (9.0 m i n u t e s )  and 570 s  (9.5 m i n u t e s ) .  
To d i g i t i z e  t h e  d a t a ,  t h e  o p e r a t o r  l o a d s  t h e  program, answers i t s  ques-  
t i o n s ,  and r e a d i e s  t h e  r e c o r d e r .  The o p e r a t o r  t h e n  s t a r t s  t h e  r e c o r d e r  and 
i m m e d i a t e l y  t h e r e a f t e r  p resses  "RETURN" on t h e  c o n s o l e  t o  s t a r t  d i g i t i z i n g  
t h e  da ta .  As t h e  end o f  t h e  s e s s i o n  approaches,  t h e  o p e r a t o r  must  be ready 
t o  s t o p  t h e  r e c o r d e r  upon t h e  b e l l  s i g n a l  f rom t h e  conso le .  
Data must be t r a n s f e r r e d  t o  t h e  f l o p p y  d i s k  b e f o r e  any a d d i t i o n a l  d a t a  
a r e  d i g i t i z e d .  The o p e r a t o r  must  be s u r e  t o  s u p p l y  "FD" w i t h  t h e  c o r r e c t  
number o f  d a t a  s e t s .  T r a n s f e r  o f  d a t a  t o  t h e  f l o p p y  d i s k  i s  o n l y  s l i g h t l y  
f a s t e r  thar; d ~ g i t i z a t i o n  (e.g., 555 s  vs. 575 s ) .  I f  a  d i s k - w r i t e  e r r o r  
o c c u r s ,  t h e  t r a n s f e r  must  be repea ted .  
The o p e r a t o r  s h o u l d  t h e n  make a  d u p : i c a t e  (backup)  o f  t h e  d i s k  u s i ~ y  t h e  
C P / M  " C O P Y "  program. A d i s k  copy t a k e s  about  two minute:. 
Af t ,er  d l 1  d a t a  a r e  d i g i t i z e d  and s t o r e d  i n  d u p l i c a t e  on f l o p p y  d i s k s ,  
t h e y  can be t r a n s f e r r e d  t o  t h e  Deve lco  computer .  T h i s  t r a n s f e r  i s  accorn- 
s1 i shed v i a  RS-232 p o r t s  and t h e  communication program d e s c r i b e d  i n  Appendix 
3. 
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CHAPTER 3. ACQUISITION 
ELF n o i s e  d a t a  were a c q u i r e d  d u r i n g  a  v i s i t  by  t h e  a u t h o r  t o  t h e  
Deve lco ,  I n c .  p l a n t  i n  Sunnyvale,  C a l i f o r n i a .  The p r i n c i p a l  o b j e c t i v e s  were: 
o To d i g i t i z e  t h e  ana log  n o i s e  r e c o r d i n g s ,  
o To s t o r e  t h e  d a t a  on N o r t h  S t a r  d i s k e t t e s  f o r  use by  GMRR, and 
e To t r a n s f e r  t h e  d a t a  t o  an HP-1000 f o r  use by  Develco.  
The d i g i t i z a t i o n  hardware,  s o f t w a r e ,  and p rocedure  a r e  d e s c r i b e d  i n  Chapter  2. 
T h i s  c h a p t e r  d e s c r i b e s  t h e  n o i s e  d a t a  and t h e  s o f t w a r e  f o r  t h e i r  t r a n s f e r  t o  
t h e  HP-1000. 
3.1 NOISE DATA 
F o u r t e e n  a n a l o g  t a p e s  ( T a b l e  3 -1 )  c o n t a i n i n g  t w o - s i t e  n o i s e  d a t a  were 
d i g i t i z e d .  The f i r s t  t h r e e  channe ls  o f  t h e s e  tapes  co r respond  t o  t h e  X, Y, 
and Z axes o f  t h e  remote-antenna.  The f o u r t h  channel  i s  e i t h e r  t h e  X, Y, o r  
Z a x i s  ( T a b l e  3-1)  o f  t h e  p r i m a r y  antenna.  
Each t a p e  c o n t a i n s  a p p r o x i m a t e l y  t h i r t y  m i n u t e s  o f  n o i s e  d a t a ,  and i s  
d i g i t i z e d  i n  t h r e e  575-s ( 9  min,  35 s )  segments and one 120-s ( 2  m i n )  seg- 
ment. A l l  t a p e s  b e g i n  w i t h  a  sequence o f  2 1 - V  c a l i b r a t i o n  s i g n a l s .  D i g -  
i t i z a t i o n  was accompl ished w i t h  t h e  c o n v e r t e r  g a i n  s e t  a t  2.0 t o  a l l o w  f o r  
t h e  maximum ' 1.5-V o u t p u t  o f  t h e  r e c o r d e r .  
The p r i m a r y  and r e m o t e - r e f e r e n c e  antennas were l o c a t e d  a t  Stone Canyon 
and Bear  V a l l e y ,  r e s p e c t i v e l y .  These s i t e s  a r e  near  H o l l i s t e r ,  CA, and a r e  
separa ted  b y  a p p r o x i m a t e l y  e i g h t  k i l o m e t e r s  ( F i g u r e  3-1) .  General  r e c o r d i n g  
and d i g i t i z a t i o n  pa ramete rs  a r e  1  i s t e d  i n  T a b l e  3-2 
The f i f t e e n t h  d a t a  s e t  shown i n  T a b l e  3 -1  c o n t a i n s  t h r e e  examples o f  
system no ise .  Set  # 15-1  i s  a  d i g i t i z a t i o n  o f  a  r e c o r d i n g  o f  t h e  "0-V" 
c a l i b r a t i o n  s i g n a l  o f  t h e  r e c o r d e r .  Set  # 15-2 i s  a  d i g i t i z a t i o n  o f  a  
r e c o r d i n g  made w i t h  no c a l i b r a t i o n  s i g n a l  and t h e  r e c o r d e r  i n p u t s  sho r ted .  
Set  # 15-3 i s  a  d i g i t i z a t i o n  o f  t h e  i n t r i n s i c  c o n v e r t e r  n o i s e  w i t h  t h e  con- 
v e r t e r  i n p u t s  sho r ted .  A l l  t h r e e  sys tem-no ise  d a t a  s e t s  c o n t a i n  575-s o f  
d a t a  and a l l  f o u r  channe ls  were s u b j e c t e d  t o  t h e  same c o n d i t i o n s .  
The v o l t a g e  o u t p u t  f r o m  t h e  r e c o r d e r  can be c o n v e r t e d  i n t o  r e c e i v e d  
m a g n e t i c - f i e l d  i n t e n s i t y  i n  Amperes p e r  me te r  t h r o u g h  a  t w o - s t e p  process.  
F i r s t ,  t h e  v o l t a g e  must be d i v i d e d  by  a  f a c t o r  o f  a p p r o x i m a t e l y  0.29, wh ich  
co r responds  t o  t h e  measured c a l i b r a t i o n - s i g n a l  v o l t a g e .  The r e s u l t  i s  t h e n  
m u l t i p l i e d  by 1 2 . 1 0 ~  t o  o b t a i n  t h e  magne t i c  f i e l d  a t  t h e  antenna.  
Deve lco  e n g i n e e r s  a n t i c i p a t e d  t y p i c a l  n o i s e  1 eve1 s  o f  -120 dB r e l a t i v e  
t o  1 A/m i n  a  1-Hz bandwid th .  However, t h e  observed n o i s e  l e v e l s  were i n  t h e  
c o n s i d e r a b l y  l e s s ;  e.g., -141 dB, -137 dB, and -147 dB f o r  t h e  X, Y, and 
axes,  r e s p e c t i v e l y .  T e s t s  u s i n g  two nearby  antennas t o  cance l  ambient  n o i s e  
show a  sys tem-no ise  l e v e l  o f  -153 dB. 
TAPE 10 PRIMARY PRIMARY BACKUP SECONDS FILE- TAPE CALI BRAT I ON 
AX IS D l  SK D l  SK RECD NAME COUNTER S l GNAL 
1 Y Jan. 14, 1983, 16:45. Good weather, some d is tu rbance .  
52 7 479 575 ND1-1 Y 
2 Z Jan. 14, 1983, 18:OO. Good weather. 
53 1 483 575 ND2-1 000 - 2 1 9  Y 
53 2 484 575 ND2-2 219 - 376 N 
533 485 575 ND2-3 376 - 507 N 
534 486 120 ND2-4 507 - end N 
Jan. 5, 1983, 16:OO. 
53 5 487 575 ND3- 1 000 - 196 Y 
536 488 575 ND3-2 196 - 351 N 
53 7 489 575 ND3-3 351 - 482 N 
538 490 120 ND3-4 482 - end N 
Jan. 11, 1983, 05:30. Good weather. 
539 49 1 575 ND4-1 000 - 220 Y 
540 492 575 ND4-2 220 - 378 M 
54 1 493 575 ND4-3 378 - 509 N 
54 2 4 94 120 ND4-4 509 - end N 
Jan. 11, 1983, 06:20. Good weather. 
543 495 575 ND5-1 0 0 0 - 2 1 6  Y 
544 496 575 ND5-2 216 - 373 N 
545 497 575 ND5-3 373 - 503 N 
546 4 98 120 ND5-4 503 - end N 
Jan. 5, 1983, 18:OO. 
547 4 99 575 ND6- 1 000 - 219 Y 
54 8 500 575 ND6-2 219 - 377 N 
54 9 50 1 575 ND6-3 377 - 508 N 
550 50 2 120 ND6-4 508 - 535 N 
Jan. 1 1 ,  1983, 07:30. Good weather. 
55 1 503 575 ND7- 1 000 - 218 Y 
552 504 575 ND7-2 218 - 375 N 
553 505 575 ND7-3 375 - 505 N 
554 506 120 ND7-4 505 - 533 N 
Jan. 7, 1983, 09:40. Good weather. 
555 50 7 575 ND8- 1 000 - 21 9 
556 508 575 ND8-2 219 - 378 
557 509 575 ND8-3 378 - 510 
558 5 10 120 ND8-4 510 - 536 
Jan. 5, 1983, 1 1 : l O .  
559 51 1 575 ND9-1 000 - 220 
560 512 575 ND9-2 220 - 378 
56 1 513 575 ND9-3 378 - 510 
562 514 120 ND9-4 510 - 536 
Jan. 7, 1983, 11:20. Good weather. 
563 51 5 575 ND10-1 000 - 219 Y 
564 516 575 ND10-2 219 - 377 N 
56 5 517 575 ND10-3 377 - 507 N 
566 518 120 ND 10-4 507 - end N 
T a b l e  3-1.  L i s t  o f  t a p e s ,  f i  IPS ,  and c o n d i t i o n s  
TAPE ID PRIMARY PRIMARY BACKUP SECONDS FILE- TAPE CAL l BRAT I ON 
AXIS Dl SK D l  SK RECD NAME COUNTER S l GNAL 
1 1  X Jan. 6, 1983, 19:15. 
56 7 519 575 NDl l -1 000 - 220 Y 
568 520 575 NDl l -2 220 - 378 N 
569 52 1 575 ND 1 1-3 378 - 509 N 
570 522 120 ND 1 1 -4 509 - end N 
12 Y Jan. 12, 1983, 19:30. Good weather. 
57 1 523 575 ND12-1 000 - 219 Y 
572 524 575 ND12-2 219 - 376 N 
573 52 5 575 ND12-3 376 - 506 N 
574 526 120 ND 12-4 506 - 533 N 
13 X Jan. 14, 1983, 14:OO. Good weather, d i s t u rbed  data. 
575 58 7 575 ND13-1 000 - 219 Y 
576 588 575 ND13-2 219 - 376 N 
577 589 575 ND13-3 376 - 507 N 
578 590 120 ND13-4 507 - end N 
14 Y Jan. 7, 1983, 10:30. Good weather. 
579 59 1 575 ND14-1 000 - 219 Y 
580 592 575 NDt4-2 219 - 376 N 
58 1 593 575 ND14-3 376 - 507 N 
582 594 120 ND 14-4 507 - end N 
15 No ise  d i a g n o s t i c  measurements - same c o n d i t i o n s  a l l  f o u r  channels 
583 
N/A 584 
595 575 ND15-1 Ca I i b ftO-Vw Y 
N/A 585 
596 575 ND15-2 Rcdr, shor ted  Y 
597 575 ND15-3 UD, shor ted  N 
T a b l e  3-1. L i s t  o f  tapes,  f i l e s ,  and c o n d i t i o n s  ( c o n t i n u e d ) .  
F i g u r e  3-1. Antenna s i t e s .  
A I D  CHANNELS 
# 1: Remote an tenna ,  X a x i s  
# 2 :  Remote antenna,  Y a x i s  
# 3: Remote an tenna ,  Z a x i s  
# 4 :  P r i m a r y  an tenna ,  s p e c i f i e d  a x i s  
ANTENNA SITES 
GAIN 
Gain  = 2.0 
Remote: Bear  V a l l e y ,  CA 
P r i m a r y :  Stone Canyon, CA 
T a b l e  3-2. Gene ra l  r e c o r d i n g / d i g i t i z i n g  pa rame te rs .  
3.2 STORAGE AND TRANSFER 
The d i g i t i z e d  d a t a  f r o m  each a n a l o g  t a p e  were s t o r e d  on a  s e t  o f  f o u r  
f l o p p y  d i s k s .  The i n i t i a l  p o r t i o n  o f  each d a t a  subset  was v a l i d a t e d  by i n -  
s p e c t i o n  w i t h  t h e  f i l e - d i s p l a y  program ( F D ) .  4 backup copy o f  each d i s k  wds 
made. A  t o t a l  o f  16.4 megabytes o f  d i g i t i z e d  n o i s e  d a t a  was produced.  
The d a t a  were t r a n s f e r r e d  t o  D e v e l c o ' s  HP-1000 corqputer v i a  an 2s-232 
i n t e r f a c e .  W h i l e  t h i s  p r o v e d  t o  be r a t h e r  s low,  t h e  t o t a l  t i m e  consumed was 
l e s s  t h a n  t h a t  r e q u i r e d  t o  imp lement  a  h igh -speed  p a r a l l e l  i n t e r f a c e .  
Communication P r o t o c o l  -- 
A b i n a r y - b l  ock p r o t o c o l  was used t o  maxirr l ize t h e  d a t a - t r a n s f e r  r a t e .  
T h i s  p r o t o c o l  i s  based upon t h e  t r a n s m i s s i o n  o t  a b l o c k  o f  128 8 - b i t  d a t a  
b y t e s ,  f o l l o w e d  by a  s i n g l e  p a r i t y - c h e c k  b y t e .  The check b y t e  i s  o b t a i n e d  by 
e x c l u s i v e - 0 R i n g  t h e  128 d a t a  b y t e s ,  and d e t e c t s  a l l  s i n y l s  e r r o r s .  The r e -  
c e i v i n g  computer  compares t h e  r e c e i v e d  check b y t e  w i t h  one computed f rom t h e  
r e c e i v e d  d a t a  b y t e s  and i s s u e s  a  p o s i t i v e  o r  n e g a t i v e  acknowledgec~ent .  The 
t r a n s m i s s i o n  i s  r e p e a t e d  up  t o  t w o  a d d i t i o n a l  t i m e s  when a  n e g a t i v e  acknow- 
1 edgement i s  r e c e i  ved. 
To accommodate t h e  r e q u i r e m e n t s  o f  t h e  HP-1000 ( r e c e i v i n g  compu te r ) ,  t h e  
p r o t o c o l ,  as seen by  t h e  t r a n s m i t t i n g  ( N o r t h  S t a r  H o r i z o n )  c o m p u t ~ r ,  ccnsi ; ts  
o f  t h e  f o l l o w i n g  s t e p s :  
0 Wai t  f o r  D, f r o m  HP-1000. 
o Send one c h a r a c t e r :  
3 t o  s t a r t  d a t a  b l o c k  
sB t o  end f i l e  
E, t o  end program. 
o Send 128 d a t a  b y t e s .  
e Send check b y t e .  
o Awa i t  E ~ ,  send +. 
B Awa i t  E ~ ,  send %. 
0 Rece ive  
A f o r  ~ u c c e s s f u l  r e c e p t i o r l .  
K 
f o r  u n s u c c e s s f u l  r e c e p t i o n .  
Awa i t  5 ,  send +. 
0 Awa i t  5 ,  send \ .  
Awa i t  5 ,  send %. 
Program O p e r a t i o n  
The t r a n s m i t t e r  p rogram i s  l i s t e d  i n  Appendix B. 
The t r a n s m i t t e r  p rogram must be s t a r t e d  f i r s t .  Be fo re  d a t a  can be 
t r a n s f e r r e d ,  t h e  o p e r a t o r  must s u p p l y  I / O - p o r t  parameters  i n  response t o  t h e  
q u e s t i o n s  asked by  t h e  program. The I / O - p o r t  i n f o r m a t i o n  i s  g i v e n  i n  t h e  
CP/M BIOS l i s t i n g  and t h e  computer manual. 
D u r i n g  o p e r a t i o n ,  t h e  program d i s p l a y s  t h e  number o f  t h e  d i s k  r e c o r d  
t h a t  i s  c u r r e n t l y  b e i n g  t r a n s f e r r e d .  
The program can be pe rmanen t l y  c o n f i g u r e d  f o r  a  p a r t i c u l a r  computer  by  
u s i n g  t h e  CP/M-80 "SAVE" command. The r e q u i r e d  s t e p s  a r e :  
o F i n d  t h e  program s i z e  ( i n  128-by te  d i s k  r e c o r d s )  u s i n g  "STAT". 
o D i v i d e  t h e  number o f  d i s k  r e c o r d s  by  two t o  o b t a i n  t h e  number o f  
256 -by te  memory pages. 
Run t h e  program and s u p p l y  t h e  d e s i r e d  1 /0  parameters .  
e I n t e r r u p t  t h e  program by t y p i n g  "5 ; "  ( c o n t r o l - C ,  ASCII #3)  i n  
response t o  "FILENAME = ". 
o Use "SAVE" t o  save t h e  memory image i n  a  d i s k  f i l e .  
A p rogram t h a t  has been "SAVEd" w i l l  neve r  a g a i n  r e q u e s t  1/0 i n f o r m a t i o n  f rom 
t h e  o p e r a t o r .  
CHAPTER 4. PROCESSING 
So f tware  f o r  t e s t i n g  t h e  wideband NLP/ANC ( n o n l i n e a r - p r o c e s s i n g  / adap- 
t i v e - n o i s e - c a n c e l l a t i o n )  a l g o r i t h m  w i t h  d i g i t i z e d  ELF n o i s e  was deve loped 
t h r o u g h  m o d i f i c a t i o n  o f  t h e  s i m u l a t i o n  program [l, Chapter  7 1  deve loped i n  
Phase- I1  o f  t h i s  program. The s p e c i f i c  s t e p s  i n  t h i s  e f f o r t  were:  
e M o d i f i c a t i c n  o f  t h e  NLP/ANC s i m u l a t i o n  program f o r  a  s i n g l e - c h a n n e l  
p r i m a r y  an tenna,  
* I n c l u s i o n  o f  an o p t i o n a l  s i m u l a t i o n  o f  q u a n t i z a t i o n  by t h e  A / D  
c o n v e r t e r ,  
e F u r t h e r  m o d i f i c a t i o n  o f  t h e  s i n g l e - c h a n n e l  s i m u l a t i o n  program t o  
ou t -pu t  s i m u l a t e d  d i g i t i z e d  n o i s e  t o  a  d i s k  f i l e ,  
o F u r t h e r  m o d i f i c a t i o n  o f  t h e  s i n g l e - c h a n n e l  s i m u l a t i o n  prograrn t o  
o b t a i n  i t s  n o i s e  i n p u t s  f r o m  a  d i s k  f i l e ,  and 
o M o d i f i c a t i o n  o f  t h e  d i s k - f i l e  p r o c e s s i n g  prograln t o  add a f i x e d  
(nonadap t i  ve)  n o i  se -cance l1  a t i o n  p r o c e s s o r .  
I n  a d d i t i o n  t o  t h e  development o f  t h e  p r o c e s s i n g  program, c u r s o r y  
e x a m i n a t i o n s  o f  t h e  d i f f e r e n c e s  between channe ls ,  e f f e c t s  o f  q u a n t i z a t i o n ,  
and e f f e c t s  o f  c a n c e l l a t i o n  method were made. 
4.1 SINGLE-CHANNEL SIMULATOR 
The d i g i t i z e d  ELF n o i s e  (Chapter  3 )  i n c l u d e s  a l l  t h r e e  axes o f  t h e  r e -  
m o t e - r e f e r e n c e  antenna,  b u t  o n l y  one a x i s  i s  t h e  p r i m a r y  antenna.  The w ide -  
band NLP/ANC s i m u l a t i o n  program [l, Chap te r  7 1  was t h e r e f o r e  m o d i f i e d  f o r  
o p e r a t i o n  w i t h  a  s e l e c t a b l e  (X, Y, o r  2 )  s i n g l e - a x i s  p r i m a r y - a n t e n n a  i n p u t .  
A l i m i t e d  number o f  s i m u l a t i o n s  were conduc ted  u s i n g  pa ramete rs  a n a l o -  
gous t o  t h o s e  o f  F i g u r e  7-24 o f  [ I ] .  However, t h e  s i g n a l  and n o i s e  a m p l i -  
t u d e s  were s c a l e d  t o  resemble  t h o s e  o f  t h e  d i g i t i z e d  ELF n o i s e .  The r e s u l t s  
a r e  shown i n  F i g u r e s  4 - 1  and 4-2 and T a b l e  4-1. I t  i s  appa ren t  t h a t  t h e  be-  
h a v i o r s  o f  e s t i m a t o r s  f o r  t h e  X and Z axes a r e  s i m i l a r .  However, any c o r r e -  
l a t i o n  between t h e  b e h a v i o r  o f  t h e  Y-ax is  e s t i m a t e  and t h o s e  o f  t h ~  o t h e r  two  
axes i s  r a t h e r  vague. 
4.2 QUANT I ZAT I ON 
The s i n g l e - c h a n n e l  NLP/ANC-simulat ion program i n c l u d e s  o p t i f ~ r ~ a l  s ~ m u l a -  
t i o n  o f  q u d n t i z a t i o n  and l i m i t i n g  by t h e  A / U  c o n v e r t e r  ( C h a n t ~ r  2). The r e -  
s u l t s  a r e  shown i n  Tab le  4 -1  and F i q u r e s  4-3 - 4-6. 
The convergence o f  anquan t i zed  and q u d n t i z e d  s i m u l a t i o n s  a r e ,  i n  gener -  
a l ,  s i m i l a r .  D i f f e r e n c e s  i n  t h e  p r o c e s s i n g  g a i n s  a r e  g e n e r a l l y  no r lo re  than  
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a  dec i  be1 , espec ia l  l y  f o r  Gaussian no i se  and l o w - l e v e l  atmospher ic no ise .  
For  moderate- and h i g h - l e v e l  atmospher ic no i se ,  somewhat l a r g e r  d i f f e r -  
ences occur ,  e s p e c i a l l y  i n  t h e  ANC-processing ga in .  The p r i n c i p a l  cause o f  
t h e  inc reased  d i f f e r e n c e s  appears t o  be c l i p p i n g  o f  l a rge-amp l i tude  no i se  
sp i kes  by t h e  A/D conve r t e r .  It i s  apparent i n  Table  4-1 t h a t  t h e  e s t i m a t i o n  
e r r o r  f o r  l i n e a r  p rocess ing  i s  n e a r l y  i d e n t i c a l  f o r  Gaussian and l o w - l e v e l  
atmospher ic no ise ,  bu t  d i f f e r s  f o r  moderate- and h i g h - l e v e l  atmospher ic 
no ise .  
Analog no i se  was d i g i t i z e d  w i t h  an A/D-converter ga in  o f  2.0, which 
r e s u l t s  i n  a  conve r t e r  c l i p p i n g  l e v e l  o f  2.5 V (Chapter 2) .  Since t h e  maxi-  
mum v o l t a g e  reco rdab le  on t h e  TEAC R-61 i s  1.5 V ,  t h e  A/D conve r t e r  i n t r o -  
duced no a d d i t i o n a l  c l i p p i n g  o f  t h e  ELF no ise .  
4.3 DIGITIZED-NOISE PROCESSOR 
The NLP/ANC-processor program f o r  d i g i t i z e d  ELF no i se  was ob ta ined  by 
s p l i t t i n g  t h e  s i m u l a t i o n  program i n t o  two programs (Appendix C). 
The f i r s t  of these two programs generates s imu la ted  ELF no i se  as i n  t h e  
s ing le -channe l  program. The no i se  i s  then  quant ized,  packed, and w r i t t e n  t o  
d i s k  i n  t h e  fo rmat  used t o  s t o r e  t h e  d i g i t i z e d  ELF no ise.  
The second program reads d i g i t i z e d ,  packed no i se  da ta  f rom a  d i s k  f i l e .  
The da ta  a re  then  unpacked, conver ted  t o  f l o a t i n g - p o i n t  numbers, and p roc -  
essed as i n  t h e  s i m u l a t i o n  program. 
The program f o r  p rocess ing  d i g i t i z e d  n o i s e  i nc l udes  a  sub rou t i ne  f o r  
p rocess ing  c a l i b r a t i o n  s i g n a l s  when t hey  a re  present .  The ope ra to r  must 
f i r s t  use t h e  f i l e - d i s p l a y  program (Chapter 2 )  t o  determine t h e  d u r a t i o n  ( i n  
seconds) and approximate v o l t a g e  l e v e l  o f  t h e  1 - V  c a l i b r a t i o n  s i gna l .  The 
sub rou t i ne  reads and decodes t h e  da ta  f i l e  f o r  t h e  s p e c i f i e d  number o f  
seconds. Vol tages fa1  l i n g  w i t h i n  t e n  (10)  percen t  o f  t h e  s p e c i f i e d  va lue  
d u r i n g  t h e  s p e c i f i e d  t i m e  i n t e r v a l  a re  averaged t o  es t ima te  t h e  t r u e  l e v e l  
o f  t h e  1 - V  c a l i b r a t i o n  s i g n a l  i n  each channel .  A l l  subsequent vo l tages  a re  
d i v i d e d  by t h e  a p p r o p r i a t e  averaged c a l i b r a t i o n  vo l t age  t o  sca le  them t o  
t r u e  vo l tages .  
Proper ope ra t i on  o f  these  prograrns was v e r i f i e d  by comparing t h e i r  
r e s u l t s  w i t h  those ob ta ined  by t h e  s ing le -channe l  s i rnu la t ion  program. 
4.4 FIXED CANCELLATION 
A f i x e d - n o i s e - c a n c e l l a t i o n  (FNC) processor  was added t o  enable compari- 
son o f  adap t i ve -  and nonadap t i ve - cance l l a t i on  techniques.  The l i n e a r  FNC 
process ing  occurs  a f t e r  independent n o n l i n e a r  p rocess ing  i s  a p p l i e d  t o  bo th  
t h e  p r imary  and re fe rence  i n p u t s .  The ou tpu t  from a  se lec ted  a x i s  o f  t h e  
re fe rence  antenna i s  then sub t rac ted  f rom t h e  ou tpu t  o f  t he  p r imary  antenna. 
The r e s u l t s  f rom one s e t  o f  s i m u l a t i o n s  w i t h  moderate- leve l  atmospher ic 
no i se  a re  shown i n  F i gu res  4-7 - 4-9. Convergence p a t t e r n s  a re  q u i t e  s i m i l a r  
f o r  b o t h  ANC and FNC. ANC usual  l y  ( b u t  n o t  always) produces s l i g h t l y  more 
no i se  r e d u c t i o n  than  FNC. However, t h i s  s i m u l a t i o n  does no t  show t h e  t r u e  
advantages o f  ANC over  FNC, s i n c e  i t  employs i d e n t i c a l l y  o r i e n t e d  antennas 
and i d e n t i c a l  ground f i l t e r s  a t  each s i t e .  
4.5 REFERENCE 
1. F. H. Raab, "Adap t i ve -no i se - cance l l a t i on  techn iques  f o r  th rough- the-  
e a r t h  e l ec t r omagne t i c s ,  Volume 11," F i n a l  Report  GMRR TR83-1, Green 
Mountain Radio Research Company, Winooski, VT, September 1983. 
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CHAPTER 5. RESULTS 
Data f rom e leven  o f  t h e  f o u r t e e n  ELF-noise tapes  were used t o  eva lua te  
t h e  performance o f  t h e  nonl  i nea r -p rocess ing  (NLP) and adap t i  ve-no ise-cancel -  
l a t i o n  (ANC) a l go r i t hms .  The c h a r a c t e r i s t i c s  o f  t h e  da ta  a re  d iscussed i n  
Chapter  3, and t h e  p rocess ing  a l g o r i t h m s  a r e  desc r i bed  i n  Chapter 4. Th i s  
chap te r  p resen t s  t h e  r e s u l t s  o f  t h e  eva lua t i on .  
5.1 USEABLE DATA 
Three o f  Deve lco 's  tapes  ( # I ,  #3, and #13) were " d i s t u r b e d "  by anomolies 
such as communication outages and cows rubb ing  a g a i n s t  one o f  t h e  r e c e i v i n g  
antennas. S ince  s p e c i f i c  t imes  o f  t h e  d i s t u rbances  a re  n o t  known, da ta  f rom 
these  t h r e e  tapes  were n o t  used i n  assess ing average performance o f  t h e  s i g -  
n a l  -p rocess ing  a1 gor i thms.  
The d a t a - t r a n s f e r  procedure d i v i d e d  each analog tape  i n t o  t h r e e  useable  
d i s k  f i l e s ,  each c o n t a i n i n g  540 s  o f  ELF-noise data.  S ince o b t a i n i n g  r e l i a -  
b l e  average-performance f i g u r e s  r e q u i r e s  a  l a r g e  number o f  p rocess ing  runs, 
each o f  t h e  t h r e e  useab le  d i s k  f i l e s  i s  subd i v i ded  i n t o  two 270-s runs. Th i s  
d i v i s i o n  produces a  t o t a l  o f  66 p rocess ing  runs (24 X-axis,  18 Y-axis,  and 24 
2 -ax i  s) .  
Because t h e  f o u r t h  d i s k  f i l e  f o r  each t ape  con ta i ns  no more than  120 s  
o f  da ta  and t h e  end o f  t h e  tape  c rea tes  a  "d is tu rbance , "  t h e  f o u r t h  d i s k  
f i l e s  a re  no t  processed. S ince da ta  s e t  #9-1 con ta i ns  a  ve r y  l o n g  c a l  i b r a -  
t i o n  s i g n a l ,  i t  i s  d i v i d e d  i n t o  two 260-s runs. 
5.2 CONVERGENCE 
The convergence o f  t h e  NLP/ANC a l g o r i t h m  w i t h  r e a l  ELF n o i s e  i s  s i m i l a r  
t o  t h a t  w i t h  s imu la ted  ELF no ise.  Examples o f  "normal"  convergence t r a j e c -  
t o r i e s  a r e  shown i n  F i gu res  5-1 - 5-3. 
Convergence t r a j e c t o r i e s  a re ,  however, h i g h l y  va r ied .  For  example, t h e  
t r a j e c t o r i e s  o f  F i gu res  5-1 and 5-4 a re  d e r i v e d  f rom ad jacen t  da ta  segments 
o f  da ta  s e t  #8-1. An example o f  a  " d i s t u rbance "  and t h e  a l g o r i t h m ' s  recovery  
can be seen i n  F i g u r e  5-5. 
5.3 PROCESSING GAIN 
The averages f o r  each p rocess ing  run  a re  assembled i n t o  a  f i l e ,  which i s  
t h e n  processed t o  o b t a i n  averages, s tandard d e v i a t i o n s ,  minima, and maxima. 
These r e s u l t s  a re  computed as a p p l i c a b l e  f o r  each no i se  tape, each a x i s ,  and 
o v e r a l l .  The r e s u l t s  f o r  i n d i v i d u a l  data se t s  a r e  presented i n  Appendix D. 
A number of t e s t s  ( no t  shown) were a l s o  conducted t o  v e r i f y  t h a t  t h e  s i gna l  
amp l i t ude  has an i n s i g n i f i c a n t  e f f e c t  upon t h e  s i gna l - p rocess ing  gains.  
F i g u r e  5-1.  Convergence p l o t  f o r  d a t a  s e t  #8-1A ( X  a x i s ) .  
G 
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F i g u r e  5-2.  Convergen.ce p l o t  f o r  d a t a  s e t  #12-2A (J' a x i s ) .  
F i g u r e  5-3. Conve rgence  p l o t  f o r  d a t a  s e t  #6-2A (2 a x i s ) .  
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F i g u r e  5-4. Conve rgence  p l o t  f o r  d a t a  s e t  #8-1B (X a x i s ) .  

The o v e r a l l  r e s u l t s  a r e  shown i n  T a b l e  5 - 1  and F i g u r e s  5-6 - 5-11. F i g -  
u r e  5-6 shows t h e  s i g n a l - p r o c e s s i n g  g a i n  ach ieved  by  n o n l i n e a r  p r o c e s s i n g  and 
ANC as a  f u n c t i o n  o f  t h e  a d a p t i v e - c l i p p e d  t h r e s h o l d  T. NLP g a i n  Gn i s ,  b y  
i t s e l f ,  i n s i g n i f i c a n t .  ANC g a i n  Ga reaches a  maximum v a l u e  o f  4.1 dB w i t h  T 
= t o  d i s a b l e  n o n l i n e a r  p r o c e s s i n g .  S e t t i n g  -r t o  f i n i t e  v a l u e s  (e.g., t h e  
0.707 expec ted  t o  o p t i m i z e  p r o c e s s i n g  f o r  m o d e r a t e - l e v e l  a tmospher i c  n o i s e )  
r e s u i t s  i n  c o n s i d e r a b l e  d e g r a d a t i o n  o f  Ga and t o t a l  s i g n a l - p r o c e s s i n g  g a i n  
Average s i g n a l - p r o c e s s i n g  g a i n s  f o r  each a x i s  a r e  shown i n  F i g u r e s  5-7 - 
5-9 and compared i n  F i g u r e  5-10. F o r  t h e  X a x i s ,  per formance i s  s i m i l a r  t o  
t h e  a l l - a x i s  pe r fo rmance ,  w i t h  Ga r e a c h i n g  a  maximum v a l i l e  o f  4.5 dB. F o r  
t h e  Y a x i s ,  t h e  maximum v a l u e  o f  Ga i s  11.9 dB; however, f o r  t h e  Z a x i s ,  t h e  
maximum v a l u e  o f  Ga i s  -1.9 dB (a  1.9-dB i n e r e a s e  i n  e s t i m a t i o n  e r r o r ) .  Some 
n o n l i n e a r  p r o c e s s i n g  produces a  v e r y  s l i g h t  i n c r e a s e  i n  t o t a l  s i g n a l - p r o c e s s -  
i n g  g a i n  f o r  t h e  X a x i s ;  however, i n  genera l  n o n l i n e a r  p r o c e s s i n g  o n l y  r e -  
duces t h e  t o t a l  ga in .  
H is tog rams  o f  t h e  average ANC g a i n s  a r e  p r e s e n t e d  i n  F i g u r e s  5-11 - 
5-14. It i s  apparen t  f r o m  t h e  h i s t o g r a m s  (and t h e  s t a n d a r d  d e v i a t i o n s  i n  
T a b l e  5-1)  t h a t  t h e r e  i s  a  good dea l  o f  v a r i a b i l i t y  i n  t h e  average ga ins .  
T h i s  i s  e s p e c i a l l y  t r u e  f o r  t h e  a l l - a x i s  averages,  w h i c h  a r e  based upon i n -  
h e r e n t l y  d i f f e r e n t  i n d i v i d u a l - a x i s  averages.  F o r  example, t h e  s t a n d a r d  d e v i -  
a t i o n  o f  t h e  4.1-dB a l l - a x i s  average g a i n  i s  7.1 dB, whereas t h e  s t a n d a r d  de- 
v i a t i o n  o f  t h e  11.9-dB Y - a x i s  average g a i n  i s  6.1 dB. The averages a r e  t h e r e -  
f o r e  s i g n i f i c a n t  b u t  t h e i r  v a l u e s  must  n o t  be  c o n s i d e r e d  exac t .  
The g a i n s  ach ieved  by  a d a p t i v e  n o i s e  cance l  l a t i o n  (ANC) and f i x e d  n o i s e  
c a n c e l l a t i o n  (FNC) a r e  compared i n  F i g u r e  5-15. 0verall;ANC i s  s u p e r i o r  t o  
FNC by 0.3 dB. However, f o r  t h e  Y a x i s  (wh ich  has more n o i s e  power t o  be 
c a n c e l l e d ) ,  Ga exceeds G  by  1.6 dB. A g a i n  o f  1.6 dB i s  e q u i v a l e n t  t o  a  30- f 
p e r c e n t  r e d u c t i o n  i n  s i g n a l - i n t e g r a t i o n  t i m e .  Under adverse c o n d i t i o n s ,  Ga 
v a l u e s  as l ow  as -6.7 dB a r e  observed;  i n  c o n t r a s t ,  G  va lues  as l o w  as f 
-15.0 dB a r e  observed.  Under good c o n d i t i o n s ,  Ga can be as h i g h  as 26.2 dB, 
w h i l e  t h e  maximum observed v a l u e  o f  G i s  22.6 dB. f 
5 - 4  WEIGHTING VECTOR 
The average o f  t h e  ANC w e i g h t i n g  v e c t o r s  i s  d e p i c t e d  i n  F i g u r e  5-16 and 
T a b l e  5-2. I t  i s  apparen t  t h a t  c a n c e l l a t i o n  o f  t h e  n o i s e  i n  t h e  X and Y axes 
r e l i e s  h e a v i l y  upon t h e  X and Y axes o f  t h e  r e m o t e - r e f e r e n c e  antenna.  How- 
e v e r ,  t h e  use o f  t h e  o t h e r  axes i s  n o t  i n s i g n i f i c a n t .  The w e i g h t i n g  v e c t o r  
f o r  c a n c e l l a t i o n  o f  Z - a x i s  n o i s e  v a r i e s  g r e a t l y  and on t h e  average i s  d i s -  
t r i b u t e d  e v e n l y  among a l l  t h r e e  remote - re fe rence  i n p u t s .  
S t a t i s t i c a l  a n a l y s i s  o f  disk-ANC numer ica l  data, Program # FHR-354- 
NUMERICAL DATA - AVERAGES 
Single-channel  NLP/ANC a l g o r i t h m  w i t h  d i s k - f i l e  i n p u t  
Program # FHR-353E 
N o i s e - f i l e  parameters: A/D g a i n  = 2.0 Sampling f requency = 100.0 
T o t a l  seconds i n  n o i s e  f i l e  = 575 
Process ing  parameters: S igna l  = .I414 + j  0.000 
Nsec = 270 Kout  = 2 Nrun = 2 
Nset  = 2 F3dB = 1.00 ............................................................................. ............................................................................. 
Threshold = i n f i n i t e  
Set  Ax is  Date Time Comnent NSC NSS Gn Ga Gta G f  G t f  
AVERAGES 
X a x i s  ( 24 d a t a  s e t s )  0.0 4.3 4.3 3.6 3.6 
Y a x i s  ( 18 d a t a  s e t s )  0.0 11.9 11.9 10.3 10.3 
Z a x i s  ( 24 d a t a  s e t s )  0.0 -1.9 -1.9 -.8 -.8 
Overal  l ( 66 d a t a  s e t s )  0 .O 4.1 4.1 3.8 3.8 
STANDARD DEVIATIONS 
X a x i s  ( 2 4  d a t a  s e t s )  0.0 5.2 5.2 7.8 7.8 
Y a x i s  ( 18 d a t a  s e t s )  0.0 6.1 6.1 5.5 5.5 
Z a x i s  ( 24 d a t a  s e t s )  0.0 2.4 2.4 2.4 2.4 
Overal  l ( 66 d a t a  s e t s )  0.0 7.1 7.1 7.1 7.1 
MINIMA 
X a x i s  ( 24 d a t a  s e t s )  
Y a x i s  ( 18 d a t a  s e t s )  
Z a x i s  ( 24 d a t a  s e t s )  
O v e r a l l  ( 66 d a t a  s e t s )  
MAX I  MA 
X a x i s  ( 24 d a t a  s e t s )  0.0 12.6 12.6 13.9 13.9 
Y a x i s  ( 18 d a t a  s e t s )  0.0 26.2 26.2 22.6 22.6 
Z a x i s  ( 24 d a t a  s e t s )  0.0 2.9 2.9 5.3 5.3 
O v e r a l l  ( 66 d a t a  s e t s )  0.0 26.2 26.2 22.6 22.6 ............................................................................. ............................................................................. 
Threshold = 2.828 
AVERAGES 
X a x i s  ( 24 d a t a  s e t s )  . 1  4.2 4.2 3.6 3.7 
Y a x i s  ( 18 d a t a  s e t s )  .3 10.7 1 1  .O 5.1 5.4 
Z a x i s  ( 24 d a t a  s e t s )  -1.2 -1.5 -2.7 - 1 .  -2.2 
Overal  l ( 66 data  s e t s )  -.3 3.9 3.6 2.3 2 .O 
STANDARD DEVIATIONS 
X a x i s  ( 24 d a t a  s e t s )  .6 5.6 5.8 7.9 8.1 
Y a x i s  ( 18 data  s e t s )  1.6 7.2 6.6 6.9 6.3 
Z a x i s  ( 24 data  s e t s )  2.7 2.3 2.7 2 .0 2.8 
Overal  l ( 66 data  s e t s )  1.9 7.1 7.5 6.5 6.9 
MINIMA 
X a x i s  ( 24 data s e t s )  
Y a x i s  ( 18 data  s e t s )  
Z a x i s  ( 24 data  s e t s )  
O v e r a l l  ( 66 data  s e t s )  
MAX I  MA 
X a x i s  ( 24 data  s e t s )  1.6 12.9 13.1 14.7 15.1 
Y a x i s  ( 18 d a t a  s e t s )  6.3 25.3 25.2 12.8 12.7 
Z a x i s  ( 24 data  s e t s )  4.4 3.3 3.2 3.2 3.2 
Overal  l ( 66 data  s e t s )  6.3 25.3 25.2 14.7 15.1 ............................................................................. ............................................................................. 
Note :  D a t a  s e t s  #1, #3, and #13  exc luded  due t o  d i s t u r  
Tab le  5-1. P r o c e s s i n g - g a i n  s t a t i s t i c s .  
Threshold = 1.414 
Set Ax i s  Date Time Comnent NSC NSS Gn Ga Gta G  f G t f  
X a x i s  ( 24 d a t a  s e t s )  .4 4.2 4.5 2.8 3.1 
Y a x i s  ( 18 d a t a  s e t s )  .9 9.0 9.9 7.4 8.3 
Z a x i s  ( 24 d a t a  s e t s )  -1.1 -1.6 -2.6 -1.3 -2.4 
Overa l  l ( 66 d a t a  s e t s )  -.O 3.4 3.4 2.5 2.5 
STANDARD DEVIATIONS 
X a x i s  ( 24 d a t a  s e t s )  
Y a x i s  ( 18 d a t a  s e t s )  
Z a x i s  ( 24 da ta  s e t s )  
O v e r a l l  ( 66 d a t a  s e t s )  
MINIMA 
X  a x i s  f 24 d a t a  s e t s )  
Y a x i s  ( 18 d a t a  s e t s )  
Z a x i s  ( 24 d a t a  s e t s )  
O v e r a l l  ( 66 d a t a  s e t s )  
MAX l MA 
X a x i s  ( 2 4  d a t a  s e t s )  7.8 19.5 20.9 21.5 22.9 
Y a x i s  ( 18 d a t a  s e t s )  9.0 19.1 19.8 17.2 19.4 
Z a x i s  ( 24 da ta  s e t s )  8.1 3.8 7.0 3.8 4.9 
O v e r a l l  ( 66 da ta  s e t s )  9.0 19.5 20.9 21.5 22.9 ............................................................................. ............................................................................. 
Threshold = 0.707 
Se t  Ax is  Date Time Comnent NSC NSS Gn Ga Gta G  f G t f  
X  a x i s  ( 24 d a t a  s e t s )  
Y a x i s  ( 18 da ta  s e t s )  
Z a x i s  ( 24 d a t a  s e t s )  
O v e r a l l  ( 66 d a t a  s e t s )  
STANDARD DEV I  ATIONS 
X  a x i s  ( 24 d a t a  s e t s )  
Y a x i s  ( 18 da ta  s e t s )  
Z a x i s  ( 24 da ta  s e t s )  
Overa l  l ( 66 da ta  s e t s )  
MINIMA 
X  a x i s  
Y a x i s  
Z a x i s  
Overa l  I  
MAX I MA 
X  a x i s  
Y a x i s  
Z a x i s  
Overa l I  
( 24 da ta  s e t s )  
( 18 d a t a  s e t s )  
( 24 da ta  s e t s )  
( 66 d a t a  s e t s )  
( 24 da ta  s e t s )  
( 18 da ta  s e t s )  
( 24 da ta  s e t s )  
( 66 d a t a  s e t s )  
N o t e :  D a t a  s e t s  ,#I, 83, and #13 e x c l u d e d  due t o  d i s t u r b a n c e s .  
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A v e r a g i n g  o f  c o r r e l a t i o n  d a t a ,  Program 8 F H R - 3 5 5 -  
T o t a l  number o f  d a t a  s e t s  = 33 
Numbers o f  samples  f o r  l o c a l  X ,  Y ,  and Z axes = 12 9 12 
Kyy AVC = 
Rxy AVG - 
W AVG = 
i , i h l 1 1  3-2, i!vpr;li_jp c o v a r i a v c  e ,  ,:rosl; c o r r e l a  t i o r i ,  dnc; w e i  g h t i n q .  
5.5 NOISE CORRELATION 
The o u t p u t  f i l e  produced from t h e  n o i s e - d a t a  p r o c e s s i n g  program (Appen- 
d i x  C) i n c l u d e s  t h e  e s t i m a t e d  r e m o t e - r e f e r e n c e  c o v a r i a n c e  m a t r i x  R c r o s s -  
YY ' 
c o r r e l a t i o n  v e c t o r  and w e i g h t i n g  v e c t o r  w f o r  each run.  These d a t a  
XY , 
were assembled i n t o  a  f i l e  and t h e n  averaged. 
The r e s u l t a n t  average c o v a r i a n c e  and c r o s s - c o r r e l a t i o n  m a t r i c e s  a r e  
g i v e n  i n  T a b l e  5-2 and r e p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e s  5-17 and 5-18. On 
t h e  average,  t h e  Y - a x i s  n o i s e  power exceeds t h e  X - a x i s  n o i s e  power by  1.3 dB 
and t h e  Z - a x i s  n o i s e  power by  10.7 dB. W h i l e  t h e  X - a x i s  n o i s e  power exceeds 
t h e  Y - a x i s  n o i s e  power i n  some d a t a  s e t s ,  t h e  Z - a x i s  n o i s e  power i s  c o n s i s -  
t e n t l y  about  10-dB l o w e r  t h a n  t h e  X - a x i s  and Y - a x i s  n o i s e  powers. 
A x i s - t o - a x i s  c o r r e l a t i o n  i s  r e a d i l y  o b s e r v a b l e  i n  t h e  F i g u r e s  5-17 and 
5-18. To compare c o r r e l a t i o n s ,  i t  i s  necessa ry  t o  n o r m a l i z e  t h e  o f f - d i a g o n a l  
t e rms  o f  k by t h e  c o r r e s p o n d i n g  n o i s e  powers; e.g., 
Y Y 
The r e s u l t s  t h u s  o b t a i n e d  f r o m  t h e  v a l u e s  i n  T a b l e  5-2 a r e :  
The c r o s s - c o r r e l a t i o n  m a t r i x  ( F i g u r e  5-18) i s  g e n e r a l l y  s i m i l a r  t o  t h e  
c o v a r i a n c e  m a t r i x  ( F i g u r e  5-17).  The l a c k  o f  2 - a x i s - t o - Z - a x i s  c o r r e l a t i o n  i s  
apparen t .  Phase s h i f t  i n  t h e  X-X and Y-Y e lements  i s  a l s o  apparen t .  The 
magn i tude  o f  t h e  q u a d r a t u r e  component o f  t h e s e  e lements  i s  a  measure o f  t h e  
e f f e c t  o f  t h e  l o c a l  geo logy.  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  magni tudes 
o f  t h e  i m a g i n a r y  p a r t  o f  t h e  X-X and Y-Y  e lements  i s  comparable t o  t h e  magni- 
t u d e  o f  t h e  2-Z element.  T h i s  i s  n o t  s u p r i s i n g ,  s i n c e  t h e  Z - a x i s  magnet ic  
f i e l d  i s  p roduced by  t h e  l o c a l  geo logy.  
5.6 ANALYSIS 
The ANC a l g o r i t h m  works as i t  shou ld ,  r e d u c i n g  t h e  e f f e c t i v e  n o i s e  l e v e l  
by  4.1 dB on t h e  average.  The improvement i s  g r e a t e r  when t h e  n o i s e  l e v e l  i s  
h i g h e r  (e.g., 11.9 dB f o r  t h e  Y a x i s )  and lower  when t h e  n o i s e  l e v e l  i s  l ower  
(e.g., -1.9 dB f o r  t h e  Z a x i s ) .  

O v e r a l l ,  t h e  ANC g a i n  exceeded t h e  FNC improvement by o n l y  0.3 dB. How- 
e v e r ,  as a tmospher i c  n o i s e  power (hence c o r r e l a t i o n )  i n c r e a s e s ,  t h e  d i f f e r -  
ence between ANC and FNC g a i n s  a l s o  i n c r e a s e s .  The most s i g n i f i c a n t  advan- 
t a g e  o f  ANC i s  i t s  a b i l i t y  t o  p r e v e n t  d i s a s t r o u s  SNR d e g r a d a t i o n  under  ad- 
v e r s e  c o n d i t i o n s .  ANC i s  t h e r e f o r e  d e f i n i t e l y  d e s i r a b l e .  
N o n l i n e a r  p r o c e s s i n g  was on t h e  average h a r m f u l  f o r  t h i s  s e t  o f  n o i s e  
da ta .  The g a i n  Gn was r e l a t i v e l y  s m a l l  and more t h a n  overcome b y  t h e  a s s o c i -  
a t e d  decrease i n  Ga. 
The c h a r a c t e r  o f  t h e  n o i s e  s h o u l d  be de te rm ined  f r o m  s t a t i s t i c a l  
a n a l y s i s .  However, some c o n c l u s i o n s  about  i t s  c h a r a c t e r  can be drawn f rom 
t,he b e h a v i o r  o f  t h e  ANC and NLP a l g o r i t h m s .  The sma l l  o r  n e g a t i v e  g a i n s  
ach ieved  by  n o n l i n e a r  p r o c e s s i n g  suggest  t h a t  t h e  Z - a x i s  n o i s e  i s  Gaussian 
and t h a t  t h e  X- and Y - a x i s  n o i s e s  a r e  o n l y  s l i g h t l y  i m p u l s i v e  ( n o t  even 
" l o w - l e v e l  ," however) .  The observed c o r r e l a t i o n  m a t r i c e s  and ANC g a i n s  a r e  
c o n s i s t a n t  w i t h  l o c a l ,  Gaussian n o i s e  whose a m p l i t u d e  i s  10-dB be low t h a t  o f  
t h e  a tmospher i c  n o i s e .  These o b s e r v a t i o n s  on t h e  c h a r a c t e r  o f  t h e  n o i s e  a r e  
c o n s i s t a n t  w i t h  t h o s e  made by  Deve lco  e n g i n e e r s  (Chap te r  3) .  
Because o f  t h e  r e l a t i v e l y  h i g h  v a l u e s  o f  t h e  s t a n d a r d  d e v i a t i o n s ,  t h e  
averages d e r i v e d  h e r e  must be c o n s i d e r e d  approx ima te  i n d i c a t i o n s  o f  what i s  
t o  be expected.  A c o n s i d e r a b l y  g r e a t e r  number o f  n o i s e - d a t a  s e t s  w i l l  be 
r e q u i r e d  t o  improve t h e  accu racy  o f  t h e  averages.  
CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
The e x t e n s i o n  o f  t h r o u g h - t h e - e a r t h  e l e c t r o m a g n e t i c  l o c a t i o n  t e c h n i q u e s  
t o  deep-mine d e p t h s  (1-km) r e q u i r e s  more n o i s e  r e d u c t i o n  t h a n  can be ach ieved  
( i n  an a c c e p t a b l e  amount o f  t i m e )  by s i m p l e  s i g n a l  i n t e g r a t i o n .  I n t r i n s i c -  
s a f e t y  r e q u i r e m e n t s  p r e c l u d e  s i g n i f i c a n t  i n c r e a s e s  i n  t h e  power o f  t h e  under -  
g round t r a n s m i t t e r .  The deve lopment  o f  a  s i g n a l - p r o c e s s i n g  t ~ c h n i q u e  such as 
a d a p t i v e  n o i s e  c a n c e l l a t i o n  i s  t h e r e f o r e  c l e a r l y  necessa ry .  
6.1 ACCOMPLISHMENTS 
Phase I o f  t h i s  prograrn was a  p r e l i m i n a r y  t h e o r e t i c a l  i n v e s t i g a t i c n  o f  
ELF-no ise  c h a r a c t e r i s t i c s  and ANC t e c h n i q u e s .  The n a t u r e  o f  t h e  m u l t i c o m p o -  
n e n t  El-F-noise model was de f i ned .  The a v a i l a b l e  n o i s e - c o r r e l a t i o n  d a t a  were 
r e v i e w e d  and t h e  r e s u l t s  sugges ted  t h a t  f r o m  10 t o  40 dB o f  n o i s e  r e d u c t i o n  
c o u l d  be a c h i e v e d  by  t h e  use o f  ANC. DM1 and LMS t e c h n i q u e s  were i a e n t i f l e d  
as c a n d i d a t e  ANC a l g o r i t h m s .  
Phase I 1  o f  t h i s  p rogram was a  compar ison and e v a l u a t i o n  o f  t e c h n i q u e s  
t h r o u g h  s i m u l a t i o n .  S i m u l a t i o n  s o f t w a r e  was imp lemented f o r  b o t h  t h e  m u l t i -  
component ELF-no ise  model and t h e  NLPIANC s i g n a l  p r o c e s s o r .  N o n l i n e a r  p r o c -  
e s s i n g  t e c h n i q u e s  were compared and t h e  a d a p t i v e  c l i p p e r  was found  t o  o f f e r  
t h e  g r e a t e s t  p r o c e s s i n g  g a i n .  A d a p t i v e - n o i s e - c a n c e l l a t i o n  t e c h n i q u e s  were 
compared and DM1 was found  t o  be s u p e r i o r  t o  LMS. S i m u l a t i o n  r e s u l t s  showed 
t h a t  i t  i s  d e s i r a b l e  t o  i n c l u d e  b o t h  NLP and ANC i n  t h e  s i g n a l  p r o c e s s o r ,  b u t  
t h e  g a i n s  o f  t h e  two  p r o c e s s o r s  a r e  n o t  a d d i t i v e .  No ise  r e d u c t i o n s  r a n g i n g  
f r o m  5 t o  2 5  dB were  p r e d i c t e d  f o r  t y p i c a l  c o n d i t i o n s .  
The o b j e c t i v e  o f  Phase I 1 1  i s  t o  e v a l u a t e  t h e  s i g n a l  - p r o c e s s i n g  a l g o -  
r i t h m  w i t h  r e a l  ELF n o i s e .  The p r i n c i p a l  accompl ishments  d u r i n g  Phase I 1 1  o f  
t h i s  prograrn a r e :  
o I m p l e m e n t a t i o n  o f  hardware  and s o f t w a r e  t o  d i g i t i z e  ELF n o i s e ,  
o D i g i t i z a t i o n  o f  f o u r t e e n  h a l f - h o u r  a n a l o g  t a p e s  o f  ELF n o i s e ,  
M o d i f i c a t i o n  o f  t h e  Phase- I  I s i g n a l  - p r o c e s s i n g  a1 g o r i  thm t o  work 
w i t h  a  s i n g l e - c h a n n e l  p r i m a r y  antenna and t o  accep t  d i s k - f i l e  i n p u t ,  
P r o c e s s i n g  o f  t h e  d i g i t i z e d  d a t a  w i t h  v a r i o u s  c l i p p i n g  t h r e s h o l d s ,  
and 
s C o m p i l a t i o n  and a n a l y s i s  o f  t h e  r e s u l t s .  
6.2 RESULTS AND CONCLUSIONS 
The a l l - a x i s  average p r o c e s s i n g  g a i n  i s  4.1 dB. When p r o c e s s i n g  ga ins  
a r e  averaged on an a x i s - b y - a x i s  b a s i s ,  ANC g a i n s  o f  4.3, 11.9, and -1.9 dB 
a r e  o b t a i n e d  f o r  t h e  X ,  :', and Z axes, r e s p e c t i v e l y .  The ANC g a i n  r o u g h l y  
f o l  lows t h e  r e c e i v e d  n o i s e  power i n  each a x i s .  
N o n l i n e a r  p r o c e s s i n g  by  i t s e l f  produces a  sma l l  g a i n  i n  some cases. 
However, t h e  r e s u l t a n t  d e g r a d a t i o n  o f  t h e  ANC g a i n  i s  f a r  l a r g e r  t h a n  t h e  NLP 
g a i n .  The g r e a t e s t  t o t a l  g a i n  was ach ieved  w i t h  n o n l i n e a r  p r o c e s s i n g  d i s a -  
b l e d .  
The number o f  d a t a  s e t s  a v a i l a b l e  i s  somewhat s m a l l ,  a l l  d a t a  s e t s  were 
reco rded  d u r i n g  t h e  same season, and t h e  n o i s e  l e v e l s  were i n  genera l  15 t o  
20 dB l o w e r  t h a n  nomina l .  The r e s u l t s  o b t a i n e d  shou ld  t h e r e f o r e  be regarded 
as p e s s i m i s t i c  app rox ima te  i n d i c a t i o n s  o f  what can be ach ieved.  However, 
t h e  r e s u l t s  c l e a r l y  show t h a t  ANC works.  Under h igh-no ise-power  c o n d i t i o n s ,  
ANC can make a  s i g n i f i c a n t  improvement i n  t h e  SNR o f  t h r o u g h - t h e - e a r t h  e l e c -  
t r o m a g n e t i c  systems o p e r a t i n g  a t  e x t r e m e l y  l o w  f r e q u e n c i e s .  
6.3 RECOMMENDATIONS 
An e f f e c t i v e  s i g n a l - p r o c e s s i n g  t e c h n i q u e  o f f e r i n g  SNR enhancement i n  
TTE EM systems has been deve loped by  t h i s  program. However, t h e r e  remain 
s e v e r a l  unanswered q u e s t i o n s  and c o n j e c t u r e s ,  as w e l l  as a  need f o r  more 
ELF n o i s e  da ta .  
D e t e r m i n a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  d i g i t i z e d  ELF n o i s e  was n o t  
p a r t  o f  t h e  Phase-111 e f f o r t s .  From t h e  per formance o f  t h e  s i g n a l - p r o c e s s i n g  
a l g o r i t h m ,  t h e  n o i s e  appears  t o  be o n l y  s l i g h t l y  i m p u l s i v e  (somewhere between 
Gaussian and l o w - l e v e l  i m p u l s i v i t y ,  i n  c o n t r a s t  t o  t h e  a n t i c i p a t e d  moderate-  
l e v e l  i m p u l s i v i t y ) .  A s t a t i s t i c a l  e v a l u a t i o n  o f  t h e  d i g i t i z e d  n o i s e  would 
a l l o w  v a l i d a t i o n  o f  t h e  mu l t i componen t  model and d e t e r m i n a t i o n  o f  i t s  param- 
e t e r s  f o r  use i n  f u t u r e  s i m u l a t i o n s .  T h i s  e v a l u a t i o n  shou ld  i n c l u d e  d e t e r -  
m i n a t i o n  o f  h i s t o g r a m s ,  moments, b e s t  f i t  t o  t h e  Field-Lewinstein-Modestino 
model , and d i  r e c t i o n - o f - a r r i  v a l  c h a r a c t e r i s t i c s .  
The d i g i t i z e d  n o i s e  i s  b e l i e v e d  t o  r e p r e s e n t  q u i e t  a tmospher i c  c o n d i -  
t i o n s .  A d d i t i o n a l  measurements made a t  v a r i o u s  t i m e s  t h r o u g h o u t  t h e  y e a r  
a r e  r e q u i r e d  t o  a s c e r t a i n  what t o  a n t i c i p a t e  f o r  normal  and wors t - case  opera-  
t i o n a l  env i ronments .  
A d d i t i o n a l  d a t a  s e t s  wou ld  a l s o  enab le  a  more a c c u r a t e  assessment of  t h e  
c a p a b i l i t i e s  o f  t h e  s i g n a l - p r o c e s s i n g  system. I t  i s  d e s i r a b l e  ( a l t h o u g h  n o t  
a b s o l u t e l y  necessa ry )  t o  have a l l  t h r e e  axes o f  t h e  p r i m a r y  antenna recorded 
s i m u l t a n e o u s l y .  
The r e s u l t s  p r e s e n t e d  i n  Chapter  5 show t h e  p o t e n t i a l  adverse impact  
o f  an i n c o r r e c t  s e t t i n g  o f  t h e  a d a p t i v e - c l i p p e r  t h r e s h o l d .  D i s a b l i n g  t h e  
n o n l i n e a r  p r o c e s s i n g  i s  n o t  a d v i s a b l e ,  s i n c e  o p e r a t i o n  may be r e q u i r e d  i n  
t h e  presence o f  t h u n d e r s t o r m s  o r  mach ine-genera ted i m p u l s i v e  n o i s e .  I n  
a d d i t i o n ,  ELF n o i s e  i s  expected i n  genera l  t o  be somewhat more i m p u l s i v e  
t h a n  t h a t  used i n  t h i s  e v a l u a t i o n .  A p o s s i b l e  s o l u t i o n  i s  t o  e s t i m a t e  b o t h  
t h e  second and f o u r t h  moments o f  t h e  r e c e i v e d  n o i s e  and s e t  t h e  t h r e s o l d  t o  
co r respond  t o  b o t h  n o i s e  power and i m p u l s i v i t y .  Research prn t h i s  two-deqree- 
o f - f r e e d o m  a d a p t i v e  c l i p p e r  i s  needed. 
The s i g n a l  -p rocess i  ng a1 g o r i  thm developed by t h i  s  program employs a  
narrowband ANC a l go r i t hm.  Non l i nea r  p rocess ing  i s  a p p l i e d  independent l y  t o  
each wideband i n p u t ,  which i s  then  averaged. The ANC p rocess ing  then  uses 
t h e  es t imated  no i se  covar iance  and c r o s s - c o r r e l a t i o n  t o  combine t h e  averages 
t o  m in im ize  t h e  expected e s t i m a t i o n  e r r o r .  
An a l t e r n a t i v e  approach employs a  wideband ANC processor.  I n  t h i s  ap- 
proach, wideband i n p u t s  a r e  combined by t h e  ANC processor ,  whose ou tpu t  i s  
t hen  a p p l i e d  t o  t h e  n o n l i n e a r  processor.  The wideband ANC system r e q u i r e s  
a  r e c u r s i v e  a lgor i thm,  s i n c e  t h e  m a t r i x  i n v e r s i o n s  r e q u i r e d  by t h e  DM1 a lgo-  
r i t h m  make i t  u n s u i t a b l e  f o r  r e a l - t i m e  use. It i s  n o t  a n t i c i p a t e d  t h a t  t h e  
wideband a l g o r i t h m  would make t h e  ANC and NLP ga ins  a d d i t i v e ,  s i n c e  t h e  ANC 
p rocessor  should reduce g r e a t l y  t h e  i n p u t  t o  t h e  n o n l i n e a r  processor.  Addi-  
t i o n a l  s tudy and s i m u l a t i o n  a r e  r e q u i r e d  t o  determine whether o r  no t  t h e  
performance o f  t h e  wideband a l g o r i t h m  can be expected t o  be b e t t e r  than  t h a t  
o f  t h e  narrowband a1 g o r i  thm devel  oped by t h i  s  program. 
APPENDIX A. D I G I T I Z A T I O N . P R O G R A M S  
A I D - I n t e r f a c e  Subrout ines 
C Program # FHR-342C, 18/28/83 
C In te r face  subrout ines f o r  1/0 technology A/D/A board 
C 
SUBROUTINE ADVERS(LUN1 
C P r i n t  vers ion  number 
IMPLICIT LOGICAL (L)  
WRITE(LUN,10) 




Form con t ro l  bytes and s e t  addresses 
Configured f o r  access from memory, base address = ABASE 
LSD = 
0 f o r  s l  ng l e-ended operat  ion  
32 f o r  d i f f e r e n t i a l  operat ion 
LSR = (app l i cab le  o n l y  i f  D/A I s  used) 
0 f o r  s i n g l e  
64 f o r  re f resh  
IMPLICIT LOGICAL (L) 
IMPLICIT INTEGOi (A-K,M-Z) 
LOGICAL PEEK 
DIMENSION LBIT(8) 
COWON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
DATA ABASE /X1 ECOB1/ 
DATA LBIT / X1Oll, X102', X104', X108', 
> Xl 10' , X1 20' , X1401 , X1 80' / 
Addresses f o r  upper and lower con t ro l  bytes 
ACBU = ABASE + 1 
ACBL = ABASE 
Form con t ro l  bytes 
LCBU = LBl AS 
LCBL = LCHAN .OR. (LGAIN*8) .OR. LSD .OR. LSR 
Add star t -conversion b l  t 




C Read A/D converter  
C Configured f o r  access from memory 
C Must ca l l ADSET p r i o r  t o  f l r s t  use o f  ADCNV 
C Test r e s u l t ,  North Star  Horlzon: < 0.4 ms per reading 
IMPLICIT LOGICAL (L)  
IMPLICIT INTEGER (A-K,M-Z) 
LOG1 CAL PEEK 
DIMENSION LBIT(8) 
COl+lON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
C 





C Read upper by te  and t e s t  f o r  s e t t l  lng 
C 
100 LTEST = PEEK(ACBU1 .AND. LBIT(8) 
IF(LTEST.EQ,B) GO TO 100 
C 
C S t a r t  second conversion 
C 
CALL POKE( ACBL, LC8L) 
C 
C Read upper by te  and t e s t  f o r  completion 
C 
200 LR2 = PEEK(ACBU1 
LTEST = LR2 .AND. LBIT(8) 
IF(LTEST.EQ.B) GO TO 200 
C 
C Conversion completed, read lower by te  
C 





C I n t e r p r e t  ou tput  o f  A/D converter  
IMPLICIT LOGICAL (L)  
IMPLICIT INTEGER (A-K,M-Z) 
REAL V 
C 
C Get channel no 
ti 
LCHAN = (LR2 .AND. (X170') )  / 16 
C 
C Get lower by te  - 
ti 
I 1  = LR1 .AND. (X'7F1 
LTEST = LRl .AND. (X180' 
IF(LTEST,NE.B) I 1  = I 1  .OR. (X10080' 
C 
C Get  upper by te  
C 
LTEST = LR2 .AND. (X807' 
I 2  = LTEST 
12 = 12 * 256 
ti 
C Assemble I n t o  Integer 
C 
I V  = I 1  .OR* 12 
c Get s ign  b i t  
C 
LSlGN = LR2 .AND. (X108') 
C 
C Convert t o  rea l  
C 
V = 2847-5 - I V  
IF(LSIGN.EQ.0) V = V - 2048.0 
C 
C Include f u l l - s c a l e  and gain f ac to rs  
n 
b 





C Simulated A/D output  bytes f o r  spec i f i ed  gain, channel, and vo l tage 
IWL IC IT  LOGICAL (L)  
IMPLICIT INTEGER (A-K,M-Z) 
REAL V, VS 
C 
C Check f o r  sa tura t ion ,  then sca le  vo l tage 
C 
VS = 0.5 * V * 4**LGAIN 
IF(VS .GT. 4.9988) VS = 4.9988 
I F(VS .LT. -4.9988) VS = -4.9988 
VS = VS * 409.5983 
L 
C E x t r a c t  sign, conver t  t o  in teger  
C 
LSIGN = 1 
IF(VS.LT.0.0) LSIGN = 0 
IF(VS.LT.0.0) VS = V S  + 2047.5 
I V  = IFIX(2047.5 - VS) 
C 
C Form by tes  
C 
I V  = I V  .AND, (Xl07FFl) 
LRl = I V  .AND. (XtOOFFt ) 
LR2 = ( IV  / 256) .OR. (LCHAN * 16) 





C F ind  b i a s  constant  requ i red  t o  zero A/D output  
C Ground o r  sho r t  inputs  dur ing  zeroing 
IMPLICIT LOGICAL (L) 
I W L l C l T  INTEGER (A-K,M-Z) 
REAL VBIASl, VBIAS2, VBIAS3 
LOG I CAL PEEK 
DIMENSION LBiT(8) 
Tr 
COMMON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
CI 
C Set up end po in t s  and f i n d  correspondlng readings 
C 
NIT = 0 
NITMAX = 10 
IBIASI = 0 




IBIAS3 = 255 





C Begin i t e r a t i o n  
C 
100 NIT = NIT + 1 
IBIAS2 = (IBIASI + IBIAS3) / 2 





C Se lec t  new endpoint o r  q u i t  
C 
IF(NIT.EQ.NITMAX) GO TO 200 
IF(VBIAS2.GT.0) GO TO 130 
C 
IBlASl = IBIAS2 
LBlASl = LBIAS2 
VBlASl = VBIAS2 
GO TO 100 
C 
130 IBIAS3 = IBIAS2 
LBIAS3 = LBIASZ 
VBIAS3 = VBI AS2 





C Set ga in  accord lng t o  maximum intended Input  vo l tage 
IMPLICIT LOGICAL (L )  
DIMENSION G(4) 
DATAGhf.5, 2.0, 8.0, 32.0/ 
C 
10 WRITE(3,20) 
20 FORMAT(' Maximum inpu t  vo l tage = l )  
CALL ATR(VMAX,IERR) 
GMAX = 4.9988 / VMAX 
IF(GMAX.LT.G( 1) )  GO TO 10 
C 
N = 2  
40 IF(GMAX.LT.G(N)) GO TO 80 
N = N + l  
IF(N.EQ.5) GO TO 80 
GO TO 40 
C 
8 0 N = N - 1  
LGAlN = N  - 1 
WRITE(3,90) G(N) 




SemiD isk - In te r face  Subrout ines 
C Program # FHR-330-, 07/28/83 
C Subroutines f o r  d i r e c t  access t o  SemlDisk 
C WARNING: Cannot use these and SemiDisk as d i s k  a t  same t ime! 
C 
C Counters: 
C Byte: 0 - 127 
C Sector: 0 - 15 
C Track : 0 - 255 
SUBROUTINE SDINIT(LCLR) 
I n i t i a l i z a t i o n  f o r  d i r e c t  read-wr i te t o  SemlDisk 
Set LCLR = 0 t o  s e t  parameters 
= 1 t o  s e t  parameters and c lea r  SemlDisk 
IMPLICIT LOGICAL (L)  
LOGICAL INP 
COMMON /SDPARM/ LPD ATA 
Set f o r  SemiDisk base 1/0 p o r t  address = 80H. 
LPDATA = 128 
LPBYTE = LPDATA + 1 
LPTRAK = LPDATA + 2 
LPSECT = LPDATA + 3 
Set counters t o  zero and s e t  SemiDisk 







C Clear Semidlsk - Wr i te  zeros u n t l l  t r a c k  counter r e t u r n s  t o  zero 
C 
IF(LCLR.NE.1) RETURN 
DO 30 IT=l ,  256 
DO 20 IS=l, 16 
DO 10 IB=1, 128 
CALL SDWRIT(0) 
10 CONTINUE 
20 CONTI NUE 
30 CONTINUE 
C 









SUBROUT I NE SDSET 
C Set SemlDisk t o  desired byte, sector, and t r a c k  
IWL lC lT  LOGICAL (L)  
LOGICAL INP 
COWON /SDPARM/ LFQATA,LPBYTE,LPTRAK,LPSECT,LCBME,LCTRAK,LCSECT 
CALL OUT(LPBYTE.LCBYTE) 





C Wr i t e  one by te  (LCHR) t o  SemlDisk and lncrement l oca t i on  
IWLICIT LOGICAL (L)  
LOGICAL INP 
C W O N  /SDPARM/ LPDATA,LPBYTE,LPTRAK,LPSECT,LCBYTE,LCTRAK,LCSECT 
C 




C lncrement l oca t i on  I f  necessary 
C 





C Read one by te  (LCHR) t o  SemiDisk and lncrement l oca t i on  
IWLICIT LOGICAL (L)  
LOGICAL INP 
COMMON /SDPARM/ LPDATA,LPBYTE,LPTRAK,LPSECT,LCBYTE,LCTRAK,LCSECT 
C 




C lncrement l oca t i on  i f  necessary 
I; 





C Increment SemlDlsk l oca t i on  po in te rs  and s e t  SemiDlsk i f  necessary 
IMPLICIT LOGICAL (L)  
LOG1 CAL INP 
COMMON /SDPARM/ LPDATA,LPBYTE,LPTRAK,LPSECT,LCBYTE,LCTRAK,LCSECT 
C 
C Next by te  
C 
LCBYTE=LCBYTE + 1 
iF(LCBYTE.GT.0) RETURN 
C 
C Next sec tor  
C 
LCBYTE 4 
LCSECT=LCSECT + 1 
IF(LCSECT.LE.15) GO TO 10 
I; 






C Set SemlDisk f o r  new byte, sector, and t r a c k  
C 





C Program # FHR-345-, 09/02/83 
C Four-channel A/D converter  w i t h  output  t o  SemiDisk 
C 
IMPLICIT LOGICAL (L)  
IMPLICIT INTEGER (A-K,M-Z) 
LOGICAL PEEK 
REAL V(4), VMAX, GAIN, GMAX, FREQ 
DIMENSION LBITCB), LCBU(41, LCBL(41, LBIAS(4), LCHAN(41, 
> LID(128), LR1(6), LRZ(4) 
COMMON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 




10 FORMAT(' Four-channel A/D converter  w i th  SemiDisk output1, 
> I, Program # FHR-345-I) 
CALL ADVERS(3) 
C 
C Get A/D parameters 
C 
20 WRITE(3,30) 
30 FORMAT(/,' Physical  channel numbers (0  - 7 )  : I )  
DO 40 N = 1, 4 
CALL ATI(1,IERR) 
IF((IERR.NE.0) .OR. (I.LT.0) .OR. (I.GT.7)) GO TO 20 





LSD = 0 
LSR = 0 
I; 




C Form con t ro l  bytes and addresses, se t  A/D converter  
I; 




C Get r u n  parameters 
C 
WRITE(3,120) 
120 FORMAT(/,' Number o f  100-sample se ts  = I )  
CALL AT1 (NSR, IERR) 
WRITE(3,130) 
130 FORMAT(' Number o f  3.3-ms i n t e r v a l s  per sample = ) 
CALL ATi(NINT,IERR) 
NEXTRA = NI NT - 2 
FREQ = 300.0 / NlNT 
WRiTE(3,135) FREQ 
135 FORMAT(' Sampling frequency = I,F10.3) 
WRITE(3,140) 
140 FORMAT(/,* Recording ID = I )  
READ(3,150) (LID(N), N=1,64) 
150 FORMAT(64Al) 
C 




C Prepare i d e n t i f i c a t i o n  data and w r i t e  t o  SemlDisk 
C 
C LID(1)  - LID(64) a re  ASCII message from opera tor  
LiD(65) = LGAlN 
CALL ILC(NSR,LID(66),LiD(67)) 
CALL ILC(NINT,LiD(68),LID(69)) 
DO 230 N = 70, 128 
LID(N) = 0 
230 CONTINUE 








300 FORMAT(//,I NOW READY - Press RETURN t o  s t a r t 1  ) 
READ(3,310) 
310 FORMATO 
NSAMP = 0 
C 




DO 600 NS = 1, NSR 
DO 500 N1 = 1, 100 
CALL INTRPT(LINT1 
IF(LiNT.EQ.27) GO TO 900 
C 
C D i g i t i z e ,  then w a i t  f o r  end o f  f i r s t  3.3-ms I n t e r v a l  
c. 
C, 










C Trans fer  t o  SemiDisk, then w a i t  f o r  end o f  add i t i ona l  3.3-n 












C O f f s e t  b ias  c o r r e c t i o n  
IMPLICIT LOGICAL (L)  
IWL IC IT  INTEGER (A-K,M-Z) 
REAL V(4) 
DIMENSION LBIT(8), LC8U(4), LCBL(41, LBIAS(4), LCHAN(4) 
COmON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
C 
100 WRITE(3,110) 
110 FORMAT(/,' Method f o r  o f f se t -b ias  co r rec t i on  I ,  
> '(1-assume, 2-measure, 3-disk) : ' 1  
CALL ATI(METHOD,IERR) 
lF((METHOD.LT.l).OR.(METHOD.GT.3)) GO TO 100 
IF(METHOD.EQ.2) GO TO 130 
IF(METHOD.EQ.3) GO TO 160 
C 
C Assumed b ias  co r rec t i ons  
DO 120 N=l, 4 
LBIASCN) = 127 
120 CONTINUE 
GO TO 180 
C 
C Measured b ias  co r rec t i ons  
130 CONTINUE 
DO 140 N=l, 4 
CALL ADBIAS(LCHAN(N),LGAIN,LSD,LBIAS(N),V(N)) 
140 CONTINUE 
WRITE(3,150) ( V ( N ) ,  N=l, 4) 
150 FORMAT(' B las  vol tages = ',4F9.4) 
GO TO 180 
C 
C B las  co r rec t i ons  from d i s k  f i l e  
160 CONTINUE 
CALL FOPENl(6,IERR) 




C D isp lay  b ias  co r rec t i ons  
180 WRITE(3,198) (LBIASCN), N=l, 4)  





C Converts one in teger  t o  two bytes 
C L1 i s  high-order by te  
C Memory assignment f o r  M ic roso f t  FORTRAN-88 









C Pack 8 b y t e s  i n t o  6 b y t e s  
iMPLlClT LOGICAL ( L )  
IMPLICIT INTEGER (A-K,M-Z) 
DIMENSION LBIT(81, L R l ( 1 ) .  LR2(1) 
COMMON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
C 
L R l ( 5 )  = LR2( 1) .AND. (X1OF1 ) 
L R l ( 6 )  = LR2(3) .AND. (X1OF1 
C 
D O 1 0 1  = 1 , 4  
J = 1 + 4  
LTEST = LR2(2) .AND. LB ITCI )  
IF(LTEST.NE.0) L R l ( 5 )  = L R l ( 5 )  .OR. L B I T ( J )  
LTEST = LR2(4) .AND. LB IT (1  











C W a l t  N t i m e  i n t e r v a l s  






C 3 .3 -m i l l i second  t i m e r  for N o r t h - S t a r  H o r i z o n  
C Note:  Jumper r e a l - t i m e  c l o c k  f o r  3.3 ms 
C R e s e t s  c l o c k  a t  end o f  i n t e r v a l  
C 
IMPLICIT LOGICAL ( L )  
LOG1 CAL I NP 
C 
C W a i t  for c l o c k  f l a g  
10 L2=1NP(6) .AND. 4 
IF(L2.EQ.0) GO TO 10 
C 
C R e s e t  c l o c k  t o  s t a r t  new i n t e r v a l  




S e m i D i  sk - t o Floppy-Di sk T r a n s f e r  
C Program # FHR-346A, 09/02/83 
C SemlDlsk  t o  f i l e  t r a n s f e r  
C 
IMPLICIT LOGICAL ( L )  
IMPLiClT INTEGER (A-K,M-Z) 
LOG1 CAL PEEK 
REAL V(41, GAIN 
DIMENSION LBIT(8) ,  LCBU(4), LCBL(4), LBIAS(4) ,  LCHAN(41, 
> L ID(128) ,  LR1(6), LR2(4) 
COWON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
COMMON /SDPARM/ LPDATA,LPBYTE,LPTRAK,LPSECT,LCBYTE,LCTRAK,LCSECl 
C 
WRiTE(3,lB) 
10 FORMAT(' SemlDisk  t o  f i l e  t r a n s f e r , ' ,  
> 1 Program # FHR-346A1 ) 
CALL ADVERS(3) 
WRITE(3,20) 
2 0  FORMAT( 
CALL FOPENO(7,IERR) 
CALL S D I N I T ( ~ )  
WRITE(3,30) 
3 0  FORMAT(' Number o f  10&samp l e  s e t s  = ) 
CALL ATI(NSR.IERR) 
C 
C I d e n t i f i c a t i o n  d a t a  
C 
WEC = 1 
NLOC = 1 
LEND = 0 







W 600 NS = 1, NSR 
DO 500 N1 = 1, 100 
C 
C T r a n s f e r  s i x  b y t e s  
C 








C Z e r o  r e s t  of f i l e  and c l o s e  
C 
LEND = 1 





C U n i d i r e c t i o n a l  s i n g l e - c h a r a c t e r  w r i t e  t o  d i s k  f i l e  
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
C 
IF(LEND.NE.0) GO TO 10 
C 
LBUF(NL0C) = LCHR 
NLOC = NLOC + 1 
I F( NLOC. LE. 128 RETURN 
C 
WRITE(7, REC=NREC) LBUF 
NLOC = 1 
NREC = NREC + 1 
C; 
10 CONTINUE 
W 20  N = NLOC, 128 
LBUF(N) = 0 
2 0  CONTINUE 





C Prog ram # FHR-3470, 09/02/83 
C Decoder f o r  A/D c o n v e r t e r  d a t a  
C 
IMPLICIT LOGICAL ( L )  
IMPLICIT INTEGER (A-K,M-Z) 
LOGICAL PEEK 
REAL V(4), GAIN, FREQ 
DIMENSION LBIT(8) ,  LCBU(4), LCBL(41, LBIAS(41, LCHAN(4); 
> L ID(128) ,  LRl(61, LR2(4) 
COWON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
C 
WRITE(3,10) 
10 FORMAT(' Decoder for A/D c o n v e r t e r  d a t a ' ,  
> 1 ,  Program # FHR-3470') 
CALL ADV ERS ( 3 
WRITE(3,20) 
2 0  FORMAT( 
CALL FOPENI(6,IERR) 
C 
C G e t  i d e n t i f i c a t i o n  d a t a  
C 
NIEC = 1 
NLOC = 1 
DO 110 N = 1, 128 
CALL GETCHR(NREC,NLOC,LID(N),LEM)) 
IF(LEND.NE.0) GO TO 900 
110 CONTINUE 
C 
WRITE(3,120) (LIDCN), N=l, 64)  
120 FORMAT(/,' D a t a  i d e n t i f i c a t i o n  : ',64A1) 
C 
LGAlN = L ID(65 )  
GAIN = 0.0 
I F(LGAIN.EQ.0) GAIN = 0.5 
IF(LGAIN.EQ.1) GAIN = 2.0 
IF(LGAIN.EQ.2) GAlN = 8.0 
IF(LGAIN.EQ.3) GAlN = 32.0 
WRITE(3,130) GAIN, LGAlN 








150 FORMAT(' Number o f  3.3-ms i n t e r v a l s  / sample = ' , I81 
IF(NINT.EQ.0) GO TO 170 
FREQ = 300.0 / NlNT 
WRITE(3,160) FREQ 






300  FORMAT(/,' Nset l  ,4XJ1N1' ,6XJ1V1' ,7XJ1V2' ,7XJ1V3', 
> 7X,'V4',/) 
DO 600 NS = 1, NSR 
DO 500 N1 = 1, 100 
C 
C Ge t  s i x  b y t e s  f r o m  d i s k  
C 
DO 450 N=l, 6 
CALL GETCHR(NREC,NLOC,LRl(N),LEND) 
IF(LEND.NE.0) GO TO 900 
450 CONTINUE 
C 
C Unpack and p r i n t  
C 
CALL UNPACK (LR2, LR 1 
DO 460 N=l, 4 
CALL ADVOLT(LR2(N),LRl(N),LGAIN,LCHD,V(N)) 
460 CONTINUE 
WRITE(3,470) NS, N1, (V(N),  N=1, 4 )  











C Unpack 6 b y t e s  i n t o  8 b y t e s  
IMPLICIT LOGICAL ( L )  
IMPLICIT INTEGER (A-K,M-Z) 
DIMENSION LB IT (8 ) ,  LR1(1),  LR2(1) 
COMMON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
C 
LR2(1) = L R l ( 5 )  .AND. (X1OFt) 
LRZ(3) = L R l ( 6 )  .AND. (X1OF1) 
C 
LRZ(2) = 0 
LRZ(4) = 0 
DO 10 l = 1, 4 
J = 1 + 4  
LTEST = L R l ( 5 )  .AND. L B I T ( J )  
IF(LTEST.NE.0) LR2(2) = LR2(2) .OR. L B I T ( I )  
LTEST = L R l ( 6 )  .AND. LB IT (J )  






C C o n v e r t s  t w o  b y t e s  t o  one i n t e g e r  
C L1 i s  h i g h - o r d e r  b y t e  
C Memory ass ignmen t  f o r  M i c r o s o f t  FORTRAN-80 
IMPLICIT LOGICAL ( L )  
Mt=MLOCS( I )  
CALL POKE(Ml,L2) 





C U n l d i r e c t i o n a l  s i n g l e - c h a r a c t e r  r e a d  f r o m  d i s k  f i l e  
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
C 
IF(NLOC.EQ. 1) READ(6, REC=NREC, END=l0) LBUF 
C 
LCHR = LBUF(NLOC) 
LEND = 0 
NLOC = NLOC + 1 
IF(NLOC.LE.128) RETURN 
C 
NLOC = 1 
NREC = NREC + 1 
RETURN 
C 
10 LCHR = 0 
LEND = 1 
RETURN 
END 
A P P E N D I X  B. C O M M U N I C A T I O N  PROGRAM 
Program # FHR-350B, 09/27/83 
Transmlssion o f  b inary  f i l e s  t o  HP-1000 v i a  RS-232 
HP binary-block pro toco l  : 
Send : 
STX ( s t a r t  b lock),  SUB (EOF), o r  EOT ( a l l  done) 
128 8 - b i t  b inary  data bytes 
Check by te  
Answer: 
ACK o r  NAK 
Repeat up t o  two t imes i f  NAK received 
In tersperse HP pro toco l  f o r  HP te rm ina l s  
I W L  I C I T l NTEGER ( A-K ,M-Z) 
IMPLICIT LOGICAL (L )  
DIMENSION LBUF(128) 
COWON / lo/ LUNC,LUNI,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM, LODP,LODM, LBUF 
DATA LREAD /-I/ 
DATA LUN I , LUNO /0,0/ 
DATA LISP,LISH,LIDP,LIDM /0,0,0,0/ 
DATA LOSP,LOSM,LODP,LODM /0,0,0,0/ 
DATA NEMAX /3/ 
CALL GETLUN(LUNC,LUND) 
WRITE(LUNC,10) 
10 FORMAT(' HP binary-block t ransmi t t e r ,  Program # FHR-350B',/, 
> Copyright (C) 1983 by Green Mountain Radio Research' ,/) 
Get I /O parameters 
I; 
IF(LREAD.NE.-1) GO TO 290 
LREAD=l 
C lnput  channel 
100 WRITE(LUNC,lIB) 
110 FORMAT(' lnput  channel : I  
CALL GETPRT(LUNC,LISP,LISM,LIDP,LIDM) 
C Output channel 
200 WRITE(LUNC,210) 
210 FORMAT(' Output channel : I )  
CALL GETPRT(LUNC,LOSP,LOSM,LODP,LODM) 
C 
C Clear 1/0 p o r t  
C 
290 WRITE(LUNC,310) 
31 0 FORMAT(/,' Press RETURN when ready1 ) 
CALL OUTPUT(LUNC,7) 
READ(LUNC,320) 
320 FORMAT ( ) 
CALL CLRlO 
C 
C Begin t rans fe r  - open d i sk  f i l e  
C 
300 CALL OUTPUT(LUNC,7) 
CALL FOPENI (LUND,iERR) 
IREC=l 
C 








C Read record 
C 
READ(LUND, REC=IREC, END=l000) LBUF 
NERROR = 0 
410 WRITE(3,420) IREC 





IF(LERROR.EQ.0) GO TO 490 
CALL OUTPUT(LUNC,7) 
NERROR = NERROR + 1 
IF(NERROR.LT.NEMAX) GO TO 410 
GO TO 1000 
C 
490  IREC=IREC+l 
GO TO 400 
C 
C Done - c l o s e  f i l e  and see whe the r  t o  c o n t i n u e  
C 
1000 ENDFILE LUND 
WRITE(LUNC, 1010) 
1010 FORMAT(/,' C o n t i n u e  ? ' 1  
READ(3.1020) LANS 
1020 FORMAT ( A 1 ) 
LANS=LUPPER(LANS) 
I F(LANS.NE.89) GO TO 1100 
C 
C End o f  f i l e  b u t  more f i l e s  - send SUB, t h e n  s e t  o f  n u l l  
CALL XCZ 
GO TO 300  
C 
C No more f i l e s  - send EOT and s e t  o f  nu1 I s  





C G e t  c o n s o l e  and d l  s k  LUN 






C G e t  1/0 p o r t  pa rame te rs  




3 0  FORMAT(' S t a t u s  p o r t  ( 2 - d i g i t  hex)  = 
READ(LUNC,l0) LH2,LHl 
LH4 =' 0' 
LH3 = I  0' 
CALL HIC(LH4,LH3,LH2,LHl,I,LERR) 
IF(LERR.NE.0) GO TO 2 0  
L ISP=\  
L 
4 0  WRITE(LUNC,50) 
50  FORMAT(' S t a t u s  mask ( 2 - d i g i t  hex)  = ' 1  
READ(LUNC,lg) LH2,LHl 
LH4 =I 0' 
LH3 =' 0' 
CALL HIC(LH4,LH3,LH2,LHl,I,LERR) 
IF(LERR.NE.0) GO TO 4 0  
LISM=I 
C 
6 0  WRITE(LUNC,70) 
7 0  FORMAT(' D a t a  p o r t  ( 2 - d i g i t  hex)  = ' )  
READ(LUNC,l@) LH2,LHl 
LH4 =I 0' 
LH3=' 0' 
CALL HIC(LH4,LH3,LH2,LHl,IJLERR) 
IF(LERR.NE.0) GO TO 60 
LIDP=I  
C 
8 0  WRITE( LUNC,90) 
9 0  FORMAT(' Da ta  mask ( 2 - d i g  it hex)  = 
READ(LUNC,lB) LH2,LHl 
LH4 =' 0' 
LH3=' 0' 
CALL HIC(LH4,LH3,LH2,LHl, LLERR) 






IMPLICIT INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
COWION / lo/ LUNC,LUNI,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 
DATA LSTX / 2 / 
L 




C Send 128 d a t a  b y t e s  
C 




C Compute and send p a r i t y  c h e c k  
C 
LPAR = 0 
DO 200 1 = 1, 128 
LPAR = LPAR .XOR. LBUF( I )  
208 CONTINUE 





C T r a n s m i t  c o n t r o l - Z  t o  s i g n a l  end o f  t r a n s m i s s i o n  
IMPLICIT INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
COMMON / lo/ LUNC,LUNI ,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 
C 
CALL OUTPUP ( 26) 









C T r a n s m i t  c o n t r o l - D  t o  s i g n a l  a l l  f i n , i shed  
IMPLICIT INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 




DO 10 1 = 1, 129 







C Ge t  ac  know l edgement f rom r e c e  i v e r  
I W L I C I T  INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL (L )  
DIMENSION LBUF(128) 
COMMON / lo/ LUNC,LUNI,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 
DATA LACK /6/ 
C 
CALL INPUP(LRCV) 
LERROR = 0 
IF(LRCV.EQ.LACK) RETURN 





C D i r e c t  i n p u t  f r o m  computer 1/0 p o r t  
I W L  I C I T  l NTEGER ( A-K ,M-Z) 
I W L I C I T  LOGICAL ( L )  
DIMENSION LBUF(128) 
COWON / lo/ LUNC,LUNI,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 
C 
C Check s t a t u s ,  w a i t  f o r  someth ing  t o  happen 
100 LCHR=INP(LISP) 
LCHR=LCHR. AND .L I SM 
IF(LCHR.EQ.0) GO TO 180 
C 






C D i r e c t  o u t p u t  t o  computer  1/0 p o r t  o f  8080 computer 
IMPLICIT INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(1281, LB IT (8 )  
COMMON / lo/ LUNC,LUNI,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 
D A T A L B l T / l ,  2, 4 ,  8, 16, 32, 64, X180'/  
C 
C Check s t a t u s  - w a i t  u n t l  l OK 
C 
10 LSTAT=INP(LOSP) .AND. LOSM 
IF(LSTAT.EQ.0) GO TO 10 
C 






C l e a r / i n i t i a l i z e  1/0 p o r t s  
I W L I C I T  INTEGER (A-K,M-Z) 
I W L l C l T  LOGICAL ( L )  
DIMENSION LBUF(128) 






I W L I C I T  INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
COMMON / lo/ LUNC,LUNI,LUNO,LPAil,LISP,LISM,LIDP,LIDM, 
> LOSP, LOSM, LODP, LODM, LBUF 









HP-1000 t r a n s m l s s i o n  t e r m i n a t o r  
IMPLICIT INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
COMMON / lo/ LUNC,LUNI,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 






HP-1000 r e c e p t i o n  t e r m i n a t o r  
IMPLICIT INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
COMMON / lo /  LUNC,LUNI,LUNO,LPAR,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 
G e t  CR LF 
CALL INPUP(LCHR) 
CALL INPUP(LCHR) 








C Rece l  ve ENQ, send ACK 
IMPLICIT INTEGER (A-K,M-Z) 
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
C W O N  /lo/ LUNC,LUNI,LUNO,LP~,LISP,LISM,LIDP,LIDM, 
> LOSP,LOSM,LODP,LODM,LBUF 
DATA LENQ, LACK /5, 6 /  
C 
CALL INPUP(LCHR1 




C E r r o r  
100 WRITE(LUNC, 110) LCHR 




A P P E N D I X  C. PROCESSING PROGRAM 
D i g i t i z e d - N o i s e  S i m u l a t o r  
C Program # FHR-352A, 18/28/83 
C ELF-noise g e n e r a t o r  w i t h  d i s k - f i  l e  o u t p u t  
C 
IMPLICIT LOGICAL ( L )  
DIMENSION P(4),GAMMAL(4) ,A(4) ,CHX(4) ,CHY(4) ,PSI (4),R(4), 
> SIGX(4), HXOLD( 100), WOLD( 100), FW( 100), 
> ZW(3), YW(31, ZR(3), Z1(3) ,  YR(3), Y1(3), 
> LR1(6),  LR2(4), L ID (128)  
C W O N  /BLOCKl/ IR~ ,~R~,P ,A,CHX,CHY,PSI ,R ,S IGX,PSIMIN,PS~D 
COMON /BLOCK2/ NFI LT, FW 
COmON /PCPARM/ NREC, NBYTE 
DATA PSI ( 1 )  ,PSI (2),PSI ( 3 )  ,PSI ( 4 )  /45.8,135.8,-70*6n8.8/ 
DATA LGAIN, LCHAN /1,0/ 
10 FORMAT(' ELF-noise g e n e r a t o r  w i t h  d i s k - f i l e  o u t p u t ,  l ,  
> 1 Program # FHR-352A1 ,/) 
C 







CF I LT=l  .0 
FSIG=10.0 
l LS=l 
I LY =3 










9 0  WRITE(3,lBB) 
100 FORMAT(/, 1 INPUT: ~ o i  se-source pa ramete rs1  ,/, 
> 1 #',%,lP, Gamna, A, Ps lmin ,  Pslmax ( d e g r e e s ) l )  
DO 120 1=1, 4 
WRITE(3.110) I 
110 FORMAT(' ',12,%) 
CALL ATR(P(I),IERR) 
I F (  IERR.EQ.27) GO TO 9 0  
CALL ATR(GAMMAL( I), IERR) 
IF(IERR.EQ.27) GO TO 9 0  
CALL ATR(A(I),IERR) 
IF(IERR.EQ.27) GO TO 9 0  
120 CONTINUE 
CALL ATR(PSIMIN,IERR) 
IF(IERR.EQ.27) GO TO 9 0  
CALL ATR(PSIMAX,IERR) 
I F (  IERR.EQ.27) GO TO 9 0  
PSID=PSIMAX-PSIMIN 
C 
C Type o f  r e f e r e n c e  
WRITE(3,130) 





C Loca l  n o i s e  l e v e l  
WRI TE(3,140) 




C P r  imary-antenna channel  
WRITE(3,155) 
155 FORMAT(' P r imary -an tenna  a x i s  (X, Y, or Z) = 1 )  
READ(3.156) LPCH 
LPCH = LUPPER(LPCH1 
156 FORMAT(A1) 
IPCH = LPCH - 87 
C 
C O t h e r  pa ramete rs  
WRITE(3,200) 
200 FORMAT (/, ' Nsec = ' 
CALL ATI(NSEC,IERR) 
WRITE(3.220) 




CALL ATR(YZZ, I ERR) 
WRITE(3,240) 
240 FORMAT(' Seeds = ' 
CALL ATI(ISEED1,IERR) 
CALL ATI(ISEED2,IERR) 
IF((ISEEDl.NE.0).AND.(ISEED2.NE.0)) GO TO 250 
CALL SEED(ISEED1) 
CALL SEED(ISEED2) 
250  lR l= lSEEDl  
IR2=1 SEED2 
WRITE(3,260) 
260  FORMAT(' O u t p u t  v o l t a g e s  ? ) 
READ(3,156) LOV 
LOV = LUPPER(L0V) 
C 




DO 270 1=1, 128 
CALL PUTCHR(LID(1)) 
270  CONTINUE 
C 
C W r l t e  pa ramete rs  and head lngs  
C 
WRlTE(3,300) 
300 FORMAT(23X,'Nol se-Source Da ta1  ,/,' 1 ' ,5X,'P' ,9X,'Gamna',9X, 
> 'A1 ,6X,1Ps1/Psimin1 ,2X,1Psimax1 ,/) 
DO 340 1 =1,4 
IF(I.EQ.4) GO TO 320 
WRlTE(3,310) I, P ( I ) ,  GAMMALtI), A ( I ) ,  P S I ( I )  
310  FORMAT(' #', 12,3G12.4,F8.1,2X,F8.1) 
GO TO 330 
320 WRITE(3,310) I, P ( I ) ,  GAMMAL(I), A( I ) ,  PSIMIN, PSIMAX 
330  CONTINUE 
PSI ( I  ) P S I  ( I  )*DR 
CHX( I ) -S IN(PSI ( I ) )  
CHY(I ) .COS(PSi ( I ) )  
340 CONTINUE 
PSIMINPSIMIN*DR 
PSI MAXPSI MAXVR 
PSI D P S  I D"DR 
PT.B.0 
DO 345 1 =1,4 
PTPT+P(  I ) 
345 CONTINUE 
PT4 P T * 4  .0 
PT9=PT*9.0 
WRITE(3,346) PT 
346 FORMAT(' T 1,612.4) 
C 
C Output headlngs 
C 
IF(LOV.EQ.89) WRITE(3,405) 
405 FORMAT(/,ZX,fNsec' ,W,'N1Omsl ,6X,'Vxrf ,6X,"4yr1, 
> 6X,1Vzr' ,6X,'Vp1 ,/) 
C 






DO 410 1=1,4 
IF(P(I).GT.0.0) CALL E L F P R M ( P ( I ) , G A M M A L ( I ) , A ( I ) , S I G X ( I ) , R ( I ) )  
410 CONTINUE 






C Begln seconds loop 
c 
DO 7000 KN=l, NSEC 
WRITE(3,490) KN 
490 FORMAT(' T = '.I51 
L 
C Begin 10-ms loop 
P 
b 
DO 1000 KM = 1, KMCU 
C 
CALL iNTRPT(LINT) 
IF(LINT.EQ.27) GO TO 9999 
L 
C Beg In  no lse  generation 
C 
C Generate i nc iden t  nolse f i e l d s  
CALL ELFINC(ZW(l),ZW(2),EZ) 
C 




C V e r t l c a i  magnetlc f i e l d  
ZW(3)=YZX*ZW(l) + YZYUZW(2) + YZZ*EZ 
C 
C V e r t i c a l  e l e c t r l c  f i e l d  
YW(3)=EZ 
C 
C Magnetic re ference antenna? 
IF(LREF.EQ.69) GO TO 510 
DO 500 I=1,3 




C Generate and add local  no ise  t o  reference-antenna output  
C 
DO 520 1=1, 3 
CALL GAUSS(IR2,1Rl,0.0,SIGLCL,GN) 
YW(I )=YW( I )  + GN 
520 CONTINUE 
C 
C Se lec t  pr imary channel 
ZW( 1) = ZW( IPCH) 
C 
C Quant ize  
DO 530 1 =I, 3 
CALL ADSIM(LGAIN,LCliAN,YW(I),LR2(1). L R l ( I ) )  
530 CONTl NUE 
CALL ADSlM(LGAIN,LCHAN,ZW(l),LR2(4), L R l ( 4 ) )  
DO 5 8 8  1 = 1, 3 
CALL ADVOLT(LR2(1),LRl(I),LGAIN,LCHANO,YW(I)) 
5 8 0  CONTl NUE 
CALL ADVOLT(LR2(4),LR1(4),LGAIN,LCHANO,ZW(l)) 
C 
C P a c k  a n d  ou tpu t  
IF(LOV.EQ.89) WRITE(3,780) KN, KM, ( Y W ( I ) ,  l=1,3), ZW(1) 
7 8 0  FORMAT(' ,216,4F9.3) 
CALL PACK(LR2,LRl) 
DO 7 1 8  1=1, 6 
CALL PUTCHR(LRl (1 ) )  
7 1 0  CONTINUE 
C 
C End 10-ms l o o p  
C 
9 0 0  CONTINUE 
1 8 8 8  CONTINUE 
C 
6 9 9 0  CONTINUE 
7 8 8 0  CONTINUE 
C 
9 8 0 8  CONTINUE 
C 
C 





C INCIDENT ELF FIELDS 
DIMENSION P(4),A(4),CHX(4),CHY(4),PS1(4),R(4),  
> S I G X ( 4 )  
COMMON /BLOCKl/ IR2,IRl,P,A,CHX,CHY,PSI,R,SIGX,PSIMIN,PSID 
1 0 0  Hx4.0 
H Y 4 . 8  
E Z 4 . 0  
DO 3 1 8  1 =1,4 
IF(P(I).LE.0.0) GO TO 3 0 0  
I F (  I .LT.4) GO TO 2 0 0  
C GET RANDOM AZIMUTH ANGLE FOR SOURCE 14 
CALL RANDU(IR2, lRl )  
I 0 = I A B S ( I R l )  
PSl(4)=(l0/32767.0)*PSlD + P S l M l N  
CHX(4)-SIN(PSI ( 4 ) )  
CHY(4)=COS(PSI (4 ) )  
C 
C COMPUTE, DECOWOSE, AND SUM OUTPUTS FROM NOISE SOURCES 
C ELF n o l s e  v i a  FLM mode l  
2 8 0  CALL GAUSS(IR2,1Rl,0.@,SIGX(I),Z) 
CALL PWFWAY(IR2,1Rl,R(I),A(I),Y) 
H=Z+Y 
C I n c i d e n t  f l e l d s  
HX=M+H*CHX ( I 
HY =HY+H*CHY ( I 
EZ=EZ+H 
380 CONTINUE 




C CALCULATION OF PARAMETERS FOR SUBROUTINE ELFNSE 
C FOR GAUSS l AN COMPONENT 
C GAMMAL=IMPUSLIVITY; GAMMA=GAMMA FUNCTION 
PX=PZ/( 1.0 + GAMMAL**Z) 
S l  GMAX=SwT(PX) 
C FOR POWER-RAYLEIGH COMPONENT 




DIMENSION HOLD(100), FW(100) 
COWON /BLOCKZ/ NF I LT, FW 
C SAVE H 
DO 10 J=2,NFILT 
JM=J- 1 
HOLD( J ) + O L D (  JM) 
10 CONTINUE 
HOLD( 1 1 4  
C COMPUTE RESPONSE 
F I LTER4.0 
DO 20  J = l  ,NFILT 
FILTER=FILTER + HOLD(J)*FW(J) 




C PULSE RESPONSE OF FLAT, HOMOGENEOUS CONDUCTING GROUND 
IF(K.GE.2) GO TO 200  
IF(K.EQ.1) GO TO 100 
C K < = 0  
PR4.0 
RETURN 
C K = l  
100 P R X  
RETURN 
C K > = 2  




C C o n v e r t s  one  I n t e g e r  t o  t w o  b y t e s  
C L 1  i s  h igh -o rde r  b y t e  
C Memory ass ignmen t  f o r  M i c r o s o f t  FORTRAN-8Q 
IMPLICIT LOGICAL ( L )  
LOGICAL PEEK 
MI  .MLOCS( I ) 
LZ-PEEK(M1) 





C Pack 8 b y t e s  i n t o  6 b y t e s  
IMPLICIT LOGICAL ( L )  
IMPLICIT INTEGER (A-K,M-Z) 
DIMENSION LBIT(8) ,  L R l ( l ) ,  LR2(1) 
COWON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
C 
L R l ( 5 )  = LR2( 1) .AND. (X1OFl ) 
L R l ( 6 )  = LR2(3) .AND. (X1OF1) 
C 
w 1 0 1  = 1 , 4  
J = I  + 4  
LTEST = LRZ(2) .AND. L B I T ( 1 )  
IF(LTEST.NE.0) L R l ( 5 )  = L R l ( 5 )  .OR. LBIT (J )  
LTEST = LR2(4) .AND. L B I T ( I )  






C P r e p a r e  I d e n t i f i c a t i o n  d a t a  
I W L I C I T  LOGICAL ( L )  
DIMENSION LID(128)  
C 
C LID(  1) - LID(64) a r e  ASCl l message f rom opera to r  
WRITE(3,140) 
140 FORMAT(/,' Record ing  ID = ' 1  
READ(3,150) (LIDCN). N=1,64) 
150 FORMAT(64Al) 
C 
C Ga in  (LGAIN), number o f  seconds (NSR), number o f  samples/second (NINT) 




DO 230 N = 70, 128 






C P u t  s i n g l e  c h a r a c t e r  t o  d i s k  f i l e  
C Must  be s e q u e n t i a l  
C S e t  MEC = NBYTE = 1 t o  s t a r t  
IMPLICIT LOGICAL ( L )  
DIMENSION LBUF(128) 
COWON /PCPARM/ NREC, NBYTE 
C 
C P u t  c h a r a c t e r  I n  b u f f e r  
C 
LBUF(NBYTE1 = LCHR 
NBYTE = NBYTE + 1 
IF(NBYTE.NE.129) RETURN 
C 
C P u t  b u f f e r  on d i s k  
C 
WRITE(6, REC-NIEC) LBUF 
NBYTE = 1 





C Dunp b u f f e r  f o r  PUTCHR 
IMPLICIT LOGICAL (L) 
W O N  /PCPARM/ NREC, NBYTE 
C 
10 IF(NBYTE.EQ.1) GO TO 20 
CALL PUTCHR(0) 




D i g i t i z e d - N o i s e  Processor  
C Program # FHR-353E, 11/11/83 
C Single-channel NLP/ANC algor i thm wi th  d i s k - f i l e  input 
C 
IMJLlClT LOGICAL (L) 
DIMENSION 
> SR(3), S I  (3), ZW(31, YW(3), ZR(3), Z1(3), YR(3), Y1(3), 
> PHATZ(31, PHATY(3), NNLZ(31, NNLY(31, 
> ZBARR(3), ZBARI (31, YBARR(31, WAR1 (3), 
> SIGZR(3). SIGZI(3), SIGYR(3), SIGY1(3), 
> SIGWR(3,3), SIGW1(3,3), SIGZYR(3,3), SIGZY1(3,3), 
> RWR(3,3), RWI (3,3), RZYR(3,3), RZY1(3,3), 
> CONJ(3), DUM1(3,3), DUM2(3,3), DUM3(3,3), 
> SHATR(3), SHAT1(3), RXYR(3,3), RXY1(3,3), 
> DUM4(6,6), DUM5(6,6), DUM6(6,6), RINVR(3,3), RINV1(3,3), 
> WR(3,3), W1(3,3),ZRL(3),YRL(3),ZIL(3),YIL(3),  
> SIGZRL(3), SIGYRL(31, SIGZIL(3), SIGYIL(3), 
> ZBARRL(31, ZBARI L(3), YBARRL(31, YBARIL(3), 
> LRl(61, LR2(4), LID(128), LBIT(B), CAL(41, 
> ZRF(3), ZIF(31, ZBARRF(31, ZBARI F(3), SIGZRF(3), SIGZIF(3) 
COFMON /FLTR/ FGAIN, FTHR, TOTSMP, COSWAV, SINWAV 
COWON /ADA/ LBIT, LSR, IABASE, IACBU, IACBL 
DATA LGAIN, LCHAN /1,0/ 
10 FORMAT(' Slngle-channel NLP/ANC algorithm wlth disk-', 
> 1 f i l e  input' ,/,I Program # FHR-353Et ,/) 
C 




S I GMAG=l,B 
KMCU -1 00 
FSAMP=100.0 
CF I LT=1.0 
FSIG=l0.0 
I LS=l 
I LY =3 
I LY2=I LY"2 
C 





20 FORMAT ( ) 
CALL ADSET(LCHAN,LGA.IN,LSD,LBIAS,LCBU,LCBL) 
C -




30 FORMAT(/,' Number o f  d i sk  f l les t o  process = ' 1  
CALL ATI(NDMAX,IERR) 
IF((NDMAX.LT.l).OR.(NDMAX.GT.4)) GO TO 25 
DO 40 ND=l , WMAX 




C S ta r t  d isk  f i l e  
C 
DO 9500 ND = 1, WMAX 





50 FORMAT(/,' ',80('='),/,' Disk # ',Il,/,) - 
I; 
C Get data ID, get ca l lb ra t lon  constants 
C 
DO 80 1=1, 128 
CALL GETCHR(LUN,NREC,NLOC,LID(I),LEND) 
IF(LEND.NE.0) GO TO 85 
8 0  CONTINUE 
CALL GETIDD(LID,LGAIN,GAIN,NSR,NINT,FREQ) 
CALL GETCAL(LUN,NREC,NLOC,ND,LGAIN,CAL,NSC,NSS,LERR) 
IF(LERR.NE.0) GO TO 85 
GO TO 9 0  
85  WRITE(3,86) 
86  FORMAT( 1 *** BAD FORMAT - l NPUT F l LE ***' ) 




C S l g n a l  pa ramete rs  
IF(ND.NE.1) GO TO 300 
MltTE(3,1611) 




170 FORMAT(' A x i s  ( X ,  Y, or Z) f o r  f l x e d  c a n c e l l a t l o n  : l) 
READ(3,180) LAXlS 
180 FORMAT(A1) 
LAXlS = LUPPER(LAXIS) 
IAXIS = LAXIS - 87 
C 
C O t h e r  pa ramete rs  
WRITE(3,200) 









KAVG=NSET + NSEC/2 
WRITE(3.230) 
230  FORMAT(l Number o f  r u n s  = 
CALL AT1 (NRUN, IERR) 
C 
C W r  I t e  pa ramete rs  and head l n g s  t o  o u t p u t  f l l e s  
C 
300 WRITE( 10,101 
C 
WRITE( 10,305) ( L I D (  I), 1 =1,64) 
305  FORMAT(' N o l s e - f i l e  parameters:l,//,' ID: nl,64A1,1n1) 
WRITE(10,310) GAIN, FREQ 
310 FORMAT(' A/D g a i n  = l,F5,1,' Samp l ing  f requency  = l,F5.1) 
WRITE(10,320) NSR 
320 FORMAT(' T o t a l  seconds i n  n o i s e  f i l e  = ' , I51 
WRITE( 10,330) (CAL( I), 1 ~ 1 . 4 )  
330  FORMAT(' I - V  C a l  l b r a t  I o n  l e v e l  s = ',4F9.3) 
WRITE( 10,340) NSC, NSS 
340 FORMAT(' C a l l b r a t l o n ,  s t a r t  t l m e s  (s) = 1,218) 
C 
WRITE(10,370) %(I), SI ( 1 )  
370 FORMAT(/,l Processing pararneters:l,//, 
> 1 S i g n a l  = l, 612.4, ' +j l, 612.4) 
WRITE(l0,380) LAXlS 
380 FORMAT(l A x i s  for f l x e d  c a n c e l l a t i o n :  l , A l )  
WRITE( 10,390) NSEC, KOUT 
390 FORMAT(' Nsec = 1,16,1 K o u t  = l.16) 
WRITE(10,391) NSET, DDB, FTHR 
391 FORMAT(' N s e t  = 1,16,' F3dB = l,F5.2, ' Thresh = l,G12.4) 
C 
C S t a r t  r u n  




405 FCRMAT(/,~X,'T~ ,6X,'MSEL1 ,9X,'Gn1 ,6X,'Ga1 ,6X,'Gta1, 
> 5X,'Gf1 ,6X,'Gtf1 ,/) 
C 
C I n i t i a l i z e  pa ramete rs  
C 
W 430 J=1,3 
Z R L ( J ) 4 . 0  
Z I L ( J ) 4 . 0  
YRL(J )4 .0  
Y I L ( J ) 4 . 0  
Z R ( J ) 4 . 0  
Z l ( J ) 4 . 0  
YR( J )4.0 
Y l  ( J ) 4 . 0  
S lGZR(J)4 .0  
SIGZI ( J 1 d . 0  
S lGYR(J )4 .0  
SIGYI ( J ) 4 . 0  
S iGZRL(J)4 .0  
S I G Z I L ( J ) 4 . 0  
SlGYRL( J 1 4 . 0  
S I G Y I L ( J ) 4 . 0  
S lGZRF(J)4 .0  
S I G Z I F ( J ) 4 . 0  
DO 420 1 =1,3 
S IGWR( I , J )4 .0  
SIGYYI ( I , J ) d . 0  
SIGZYR(I,J)4.0 
S IGZYI ( l , J )4 .0  
420 CONTINUE 
PHATZ( J ) 4.0 
NNLZ( J Id 
PHATY(J)4.0 
N N L Y ( J ) d  
430 CONTINUE 







C T o t a l  samples, samples a f t e r  s e t t l  ing, number used t o  compute g a i n  




C B e g i n  seconds l o o p  
C 
DO 7000 KN=1, KMAX 
C 
C B e g l n  10-ms l o o p  
C 
DO 1000 KM = 1, KMOD 
C 
CALL INTRPT(LINT1 





TOTSW=TOTSMP + 1.0 
C 
C Get s l x  bytes from input f l l e, unpack, and convert t o  voltages 
C 
DO 530 1=1, 6 
CALL GETCWI(LUN,NREC,NLOC,LRl(I),LEND) 
IF(LEND.NE.0) GO TO 85 
530 CONTINUE 
CALL UWACK(LR2,LRl) 
DO 580 1 = 1, 3 
CALL ADVOLT(LR2(I),LRl(I),LGAIN,LCHANO,YW(I)) 
YWCl) = YW(l) / CAL(I) 
580 CONTINUE 
CALL ADVOLT(LR2(4),LR1(4),LGAIN,LCHANO,ZW(I)) 
ZW( 1) = ZW( 1 )  / CAL(4) 
C 
C Add signal 
C 
ZW(I)=ZW(l) + SR(l)*COSWAV + SI(l)*SINWAV 
C 
C Detect wlthout nonlinear processlng 
Do 600 1=1,3 
CALL LP(YW(I),YRL(I),YIL(I)) 
600 CONTINUE 




C Apply nonllnear processlng and obtaln narrowband waveforms 
C 
DO 610 1=1,3 
CALL NLP(YW(I),PHATY(I),NNLY(I),YR(I) ,YI(I))  
610 CONTINUE 
DO 620 1-1, ILS 
CALL NLP(ZW(I),PHATZ(I) ,NNLZ(I) ,ZR(I) ,ZI( I))  
620 CONTINUE 
C 
C Fixed nolse cancel lat ion 
L 
ZRF(1) = ZR(1) - YR(IAXIS) 
ZIF(1) = ZI (1)  - YI(IAXIS) 
C 
C I f  sett led, accumulate measurement s t a t i s t i c s  
C 
IF(KN.LE.NSET) GO TO 900 
TOTSS=TOTSS + 1 
C 
C Blas Zbarl 
CALL MADD( ILS,l,SIGZRL,ZRL,SIGZRL) 
CALL MADD(ILS,l,SIGZIL,ZIL,SIGZIL) 
C Blas Ybarl 
CALL MADD(3,1,SIGYRL,YRL,SIGYRL) 
CALL MADD(3,1,SIGYIL,YIL,SIGYIL) 
C Bias Zbar 
CALL MADO(ILS,l,SIGZR,ZR,SIGZR) 
CALL MADD(ILS,l,SIGZI,ZI,SIGZI) 
C Blas Ybar 
CALL MAW(3,1,SIGYR,YR,SIGYR) 
CALL MADD(3,l,SIGYI,YI,SIGYI) 














CALL MADD(ILY, ILYJSIGYYI,DUM2,SIGYYI)  
C 





C Zero NLP counters a t  end o f  s e t t l i n g  per iod  
C 
IF(KN.NE.NSET) GO TO 1100 
DO 1050 1=1,3 
NNLZ( I ) 4 




C Time t o  make est imate? 
C 
IF(KN.LE.NSET) GO TO 6990 
KSET = KN - NSET 
IF(KSET/KOUT*KOUT.NE.KSET) GO TO 6990 
C 
































CALL MSE(ILS,SR,SI ,SHATR,SHATI,~SEN) 
C 




C I n v e r t  estlmated covar iance Ryy of reference 
C 
CALL CMI(ILY,ILYZ,RWR,RWI,RINVR,RINVI,DUM4,DUM5,DUM6,DET) 










CALL MSE(ILS,SR,SI ,SHATR,SHATI,RMSE~) 
C 


















G I  4.0 
G 2 4 . 0  
G 3 4 . 0  
G 4 4 . 0  
IF(RMSEL.EQ.0.0) GO TO 6 7 6 0  
IF(RMSEN.EQ.0.0) GO TO 6 7 4 0  
C l m p r o v e m e n t  d u e  t o  c l i p p i n g  
G0=20.0 * ALOGIB(RMSEL/RMSEN) 
6 7 4 0  IF(RMSE2.EQ.0.0) GO TO 6 7 6 0  
C I m p r o v e m e n t s  d u e  t o  ANC 
G I  =20.0 * ALOGl0(  RMSEN/RMSE2) 
C T o t a l  i m p r o v e m e n t  - NLP + ANC 
6 7 6 0  G 2 X 0  + G1 
C l m p r o v e m e n t  d u e  t o  f l x e d  c a n c e l l a t i o n  
IF(RMSEF.EQ.0.0) GO TO 6 7 6 5  
G3=20.0 * ALOGlB(RMSEN/RMSEF) 
6 7 6 5  G 4 X 0  + G3 
IF(KN.LE.KAVG) GO TO 6 7 7 0  
L 
C A v e r a g e  l m p r o v e m e n t s  o v e r  l a s t  h a l f  of t e s t  
C 
NG*l 
G0AVGX0AVG + G0 
G I A V G X I A V G  + G I  
GZAVG42AVG + 6 2  
G3AVGX3AVG + G3 
G4AVGX4AVG + G4 
6 7 7 0  CONTINUE 
WRITE(3.6800) T, RMSEL, G0, G I ,  G2, 63, 6 4  
WRITE(10,6800) T, WSEL,  G0, G I ,  62, 63, 6 4  
6 8 0 0  FORMAT(' ',F6.lJGl2.4,5F8.1) 
C 
6 9 9 0  CONTINUE 
7 0 0 0  CONTINUE 
L 
C O u t p u t  f i n a l  a v e r a g e s  a n d  c o v a r i a n c e s  
C 
G0AVG X0AVG/NG 




WRITE(3,7900) GBAVG, GIAVG, G2AVG, G3AVG, G4AVG 
WRITE(10,7900) GBAVG, GIAVG, GZAVG, G3AVG, G4AVG 
7 9 0 0 F O R M A T ( l  AVG1,12X,5F8.1) 
WRITE(10,8000)  
8 0 0 0  FORMAT(/,' Z b a r  = 
WRITE(10,8010)  ZBARR( l ) ,  Z B A R I ( 1 )  
8010 FORMAT(' ',G12.4,' +j ',G12.4) 
WRITE( 10,8020) 
8020 FORMAT(/, ' Y bar  = ' 
WRITE(10,8010) (YBARR(I), I=1,3), (YBARI( I ) ,  1=1,3) 
WRITE( 10,8100) 
8100 FORMAT(/,' Ryy = ' )  




8140 FORMAT(/,' Det(Ryy)  = ',G12.4) 
WRITE(18,8288) 
8200 FORMAT ( /  , ' Rxy = ' ) 
CALL CMW(10,1,3,1,RXYR,RXYI) 
WRITE( 10,8300) 
8300 FORMAT(/,' W = ' )  
CALL CMW( 18,l ,3,1 *WR,WI ) 
C 




C E n d d i s k  f i l e  
C 
9500 ENDFl LE LUN 
C 
C 





C Es t imate  o f  s i g n a l  u s i n g  DM1 ANC a l g o r i t h m  
DIMENSION RZYR(ILS,ILY), RZYI(ILS,ILY), 
> ZBARR(ILS), ZBARI(ILS), YBARR(ILY1, 
> YBARi(ILY), SHATR(ILS), SHATI(ILS), WR(ILS,ILY), 
> WI(ILS,ILY), DUM4(ILYZ,ILYZ), DUM5(ILYZ,ILY2), 
> DUM6(ILYZ,ILY2), RINVR(ILY,ILY), RINVI(ILY,ILY) 
C 







CALL MADD(ILS, ILY,RZYI,WI,RXYI)  
C 

















C Mean-square e r r o r  I n  e s t i m a t e  o f  complex v e c t o r  
DIMENSION SR(I),  S I ( I ) ,  ER(I ) ,  E I ( I )  
RMSE4.0 
DO 10 J= l , l  
RMSE=RMSE + (SR(J)  - ER(J ) Iu *2  






COWON /FLTR/ GAIN, T, TOTSMP, COSWAV, SINWAV 
C S i g n a l - n u l l i n g  l o o p  w i t h  c l i p p e r  
C 
C N u l l  s i g n a l  u s l n g  p r e v l o u s  e s t i m a t e s  
VIN=VI - S1HAT"COSWAV - SQHAT*SINWAV 
C 
C Average power, f i n d  rms, s e t  t h r e s h o l d  





C C l  i p  I n p u t  and Inc remen t  n o n l  i n e a r  e v e n t  c o u n t e r  
IF(VIN.LT.TAUP) GO TO 10 
V I N =TAW 
NNL=NNL+ 1 
GO TO 100 
10 IF(VIN.GT.TAUN) GO TO 100 
V I N =TAUN 
NNLENNL+ 1 
GO TO 100 
C 
C E s t i m a t e  I and Q components o f  s i g n a l  
100 S lHATS lHAT + VIN*COSWAV*GAIN 




COWON /FLTR/ GAIN, T, TOTSMP, COSWAV, SINWAV 
C S i g n a l - n u l l i n g  l oop  w i t h o u t  c l i p p e r  - 
L 
C Nu1 l s i g n a l  u s l n g  p r e v i o u s  e s t i m a t e s  
V I N I V I  - SIHAT*COSWAV - SQHAT*SINWAV 
C 
C E s t i m a t e  I and Q components o f  s l g n a l  
100 SIHAT=SIHAT + VIN*COSWAV*GAIN 




C M u l t l p l l c a t l o n  o f  complex m a t r i c e s  
C E + j F  = (A + JB) * (C + JD) 
DIMENSION A(I,J), B(I ,J) ,  C(J,K), D(J,K), E(I,K), F(I ,K),  
> DUM(I,K) 












C I n v e r s i o n  o f  complex m a t r i x  
C R = A + jB; I n v e r s e ( R )  = E + j F  
C S c r a t c h  a r r a y s :  G, DUMl, DUM2; d imens ions  N2*N2, N2=N*2 
DIMENSION A(N,N), B(N,N), E(N,N), F(N,N), 
> G(N2,N2), DUMl(N2,N2), DUM2(N2,N2) 
C 
C Load G 
C 
Do 20  1=1, N 
DO 10 J= l ,  N 
I l = N  + I 
J l = N  + J 
G( I ,J )=A( I ,J )  
G ( I l , J l ) = A ( I , J )  
G( I , J l )=B( I , J )  
G( I l , J )= -B ( I , J )  
10 CONTINUE 
2 0  CONTINUE 
C 




C Recover  E and F 
C 
DO 120 1=l,N 
DO 110 J=l,N 
J 1 =J+N 
E(I ,J)=G(I,J)  






C W r l t e  o u t  3-element complex v e c t o r  or row of m a t r i x  
IMPLICIT LOGICAL ( L )  
DIMENSION CR(N,M), C I  (N,M) 
C 
WRITE(LUN,10) (CR(I,J), J=1,3), (C I ( I , J ) ,  J=1,3) 





C Unpack 6 b y t e s  I n t o  8 b y t e s  
IMPLICIT LOGICAL ( L )  
IMPLICIT INTEGER (A-K,M-Z) 
DIMENSION LBIT(81, LR lC l ) ,  LRZ(1) 
COMMON /ADA/ LBIT, LSR, ABASE, ACBU, ACBL 
C 
LR2(1) = L R l ( 5 )  .AND. (X1OF1 
LR2(3) = L R l ( 6 )  .AND, (X1OF1) 
C 
LR2(2) = 0 
LR2(4) = 0 
DO 10 1 = 1,  4 
J = 1 + 4  
LTEST = L R l ( 5 )  .AND. L B I T ( J )  
IF(LTEST.NE.0) LR2(2) = LR2(2) .OR. LB IT (1 )  
LTEST = L R l ( 6 )  .AND. L B I T ( J )  






C Converts two by tes  t o  one in teger  
C L l  i s  high-order by te  
C Memory assignment f o r  M ic roso f t  FORTRAN-80 
IMPLICIT LOGICAL (L)  







C Un id i rec t i ona l  s ingle-character  read from d i sk  f i l e  
IWL lC lT  LOGICAL (L)  
DIMENSION LBUF(128) 
C 
I F(NLOC.EQ. 1) READ(LUN, REC=WEC, END=10) LBUF 
C 
LCHR = LBUF(NL0C) 
LEND = 0 
NLOC = NLOC + 1 
IF(NLOC.LE.128) RETURN 
C 
NLOC = 1 
FREC = NREC + 1 
RETURN 
C 
10 LCHR = 0 




C Decode and d i s p l a y  i d e n t i f i c a t i o n  data i n  a r ray  LID 
IWL IC IT  LOGICAL (L)  
DIMENSION LID( 128) 
C 
WRITE(3,120) (LID(N), N=1, 64) 
120 FORMAT(/,' Data i d e n t i f i c a t i o n  : ',64A1) 
C 
LGAIN = LID(65) 
GAIN = 0.0 
IF(LGAIN.EQ.0) GAlN = 0.5 
IF(LGAIN.EQ.1) GAIN = 2.0 
IF(LGAIN.EQ.2) GAlN = 8.0 
IF(LGAiN.EQ.3) GAlN = 32.0 
WRITE(3,130) GAIN, LGAIN 








158 FORMAT(' Number o f  3.3-ms i n t e r v a l s  / sample = ',I81 
IF(NINT.EQ.0) GO TO 170 
FREQ = 300.0 / NlNT 
WRITE(3,160) FREQ 






C Ex t rac t  c a l i b r a t i o n  constants from noise-data f i l e  
IWL IC IT  LOGICAL (L)  
DIMENSION CAL(4), NCAL(4), LR1(6), LR2(4), V(4) 
LERR = 0 
C 
C F i r s t  d i s k  o f  se t?  
C 
IF(ND.EQ.1) GO TO 5 
NSC = 0 
GO TO 620 
C 
C Do data conta in  c a l i b r a t i o n  s igna l?  
C 
5 WRiTE(3,10) 
10 FORMAT(/,' C a l i b r a t i o n  s igna l  included In  data ? I )  
READ(3,20) LCAL 
20 FORMAT( A1 
LCAL=LUPPER(LCAL) 
iF(LCAL.EQ.89) GO TO 200 
C 




110 FORMAT(' Level o f  1-V ca l  l b r a t i o n  s igna l s  for',/, 
> Channels 1, 2, 3, 4 = 
DO 130 N = 1, 4 
CALL ATR(CAL(N),IERR) 
130 CONTINUE 
GO TO 660 
C 
C C a l i b r a t i o n  s igna l  present, f i n d  values 
C 
C Get du ra t i on  and approximate val  ue 
200 CONTINUE 
WRITE(3,210) 
210 FORMAT(' Dura t ion  o f  c a l i b r a t i o n  s lgna l  i n  seconds = I )  
CALL ATI(NSC,IERR) 
WRITE(3,220) 
220 FORMAT(' Approximate ca l i b ra t i on -s igna l  vo l tage = I )  
CALL ATR (CALAPX , I ERR 
C 
C Set window and zero averages and counters 
W1 = 0.9 * CALAPX 
W2 = 1.1 * CALAF'X 
DO 2 3 0 N = l , 4  
NCAL(N) = 0 
CAL(N) = 0.0 
230 CONTINUE 
C 
C Process c a l i b r a t i o n  s igna l  
C 
DO 400 NS = 1, NSC 
Do 390 N1 = 1, 100 
C 
C Get and unpack data se t  
C 
C Get s i x  bytes from d i sk  
Do 300 N=1, 6 
CALL GETCWI(LUN,NREC,NLOC,LRl(N),LEND) 
iF(LEND.NE.0) GO TO 9Q0 
300 CONTINUE 
C 
C Unpack and p r i n t  
CALL UNPACK(LR2,LRl) 




C Average i f  w i t h i n  window 
DO 370  N = 1, 4 
V(N) = ABS(V(N)) 
IF((V(N).LT.Wl) .OR. (V(N).GT.WZ)) GO TO 360 
CAL(N) = CAL(N) + V(N) 




390  CONTINUE 
400 CONTINUE 
C 
C S c a l e  ave rages  
C 
DO 420 N = 1, 4 
IF(NCAL(N).LE.a) GO TO 800 
CAL(N) = CAL(N) / NCAL(N) 
420 CONTINUE 
WRITE(3,430) (CAL(N), N=1,4) 
430 FORMAT(' 1-V Cai  i b r a t i o n  l e v e l s  = l.4F9.3) 
C 
C G e t  s t a r t  t i m e  
C 
600  CONTINUE 
WRITE(3,610) 
610  FORMAT(' S t a r t  t i m e  = ' )  
CALL ATI(NSS,IERR) 
C 
C S k i p  t o  s t a r t  
C 
620 NSKlP = NSS - NSC 
IF(NSKlP.EQ.0) RETURN 
DO 650 NS = 1, NSKIP 
DO 640 N1 = 1, 100 
DO 630 N=l, 6 
CALL GETCHR(LUN,N?EC,NLOC,LRl(N),LEND) 
IF(LEND.NE.0) GO TO 900 
630  CONTINUE 
640  CONTINUE 
650  CONTINUE 
C 




C E r r o r  
L 
800 WRITE(3,810) N 





APPENDIX D. GAIN S T A T I S T I C S  
NUMERl CAL DATA - AVERAGES 
Single-channel NLP/ANC algor i thm with d i s k - f i l e  Input 
Program # FHR-353E 
Noise- f i le  parameters: 
A/D gain = 2.0 Sampling frequency = 100.0 
Total seconds In  noise f i l e  = 575 
Processing parameters: 
Signal = .I414 +J 0.000 
Nsec = 270 Kout = 2 Nrun = 2 
Nset = 2 F3dB- = 1.00 Thresh = i n f  i n l t e  
Set Axis Date Time Comnent NSC NSS Gn Ga Gta Gtf 
1-1 Y 01/14 16:45 GWX, SD 10 17 0.0 9.5 
1-1 0.0 10.4 
1-2 0 17 0.0 7.8 
1-2 0.0 10.7 
1-3 0 17 0.0 16.3 
1-3 8.8 1.3 
2-1 Z 01/14 18:00 GWX 10 12 0.0 2.9 
2- 1 0.0 .9 
2-2 0 12 0.0 -a8 
2-2 0.0 -.8 
2-3 0 12 8.8 -3.9 
2-3 0.0 -3.6 
01/11 05:30 GWX 11 
0 
0 
01/11 06:20 GWX 16 
0 
0 
01/11 07:30 GWX 9 
0 
0 
8-1 X 01/07 09:40 GWX 11  18 0.0 6.4 
8- 1 8.8 12.6 
8-2 0 18 0.0 2.5 
8-2 8.8 -.9 
8-3 0 18 0.0 9.1 
8-3 0.0 10.8 
01/05 l l :10 GWX 528s 40 45 0.0 
0.0 
0 10 0.0 
0.0 
0 10 0.0 
0.0 
01/07 11:20 GWX 9 11 0.0 
0.0 
0 10 0.0 
0.0 
0 10 0.0 
0.0 
X 01/06 19:15 8 10 0.0 
0.0 
0 10 0.0 
0.0 
0 10 0.0 
0.0 
Y 01/12 19:30 GWX 3 4 0.0 
0.0 
0 4 0.0 
0.0 
0 4 0.0 
0.0 
X 01/14 14:00 Disturbed 3 6 0.0 
0.0 
0 6 0.0 
0.0 
0 6 0.0 
0.0 
Y 01/07 10:30 GWX 10 14 8.8 
0.0 
0 14 0.0 
0.0 
0 14 0.0 
0.0 
NUMERl CAL DATA - AVERAGES 
Single-channel NLP/ANC algorithm wi th  disk-f  1 l e  input 
Program 1 FHR-353E 
Noise-f I l e  parameters: 
A/D gain = 2.0 Sampling frequency = 100.0 
Total seconds in  noi se f i l e  = 575 
Processing parameters: 
Signal = .I414 +j 0.000 
Nsec = 270 Kout = 2 Nrun = 2 
Nset = 2 F3dB = 1 .OO Thresh = 2.828 
Set Axis Date Time Comnent NSC NSS Gn Ga Gta G t f  
1-1 Y 01/14 16:45 GWX, SD 10 17 .4 9.5 
1 - 1 -.4 3.2 













GWX 1 1  
0 
0 






01/12 19:30 GWX 3 4 .4 15.1 
-.3 11.7 
0 4 -.4 22.8 
. I  12.8 
0 4 -.I 19.5 -. 1 9.9 
13-1 X 01/14 14:00 Disturbed 3 6 0.0 -2.6 
13-1 .0 .2 
13-2 0 6 0.0 4.1 
13-2 8.0 5.3 
13-3 0 6 0.0 -2.8 
13-3 -.l -1.7 
14-1 Y 01/07 10:30 GWX 10 14 .4 7.4 
14-1 -.6 4.3 
14-2 - 0 14 .2 12.9 
14-2 -.B 12.3 
14-3 0 14 .a 6.6 
14-3 6.3 -5.2 
NUMERICAL DATA - AVERAGES 
Single-channel NLP/ANC algori thm with d i s k - f i l e  input 
Program # FHR-353E 
Noise-f i l e  parameters: 
A/D gain = 2.0 Sampling frequency = 100.0 
Tota l  seconds in nolse f i l e  = 575 
Processing parameters: 
Signal = .I414 +j 0.000 
Nsec = 270 Kout = 2 Nrun = . 2  
Nset = 2 F3dB = 1 .a0 Thresh = 1.414 
Set Axis Date Time Comnent NSC NSS Gn Ga Gta Gt f  
1-1 Y 01/14 16:45 GWX, SD 10 17 4.8 4.1 
1-1 .8 1.0 
1-2 0 17 -2.4 3.1 
1-2 1.9 10.2 
1-3 0 17 4.8 4.1 
1-3 .8 1.0 
2-1 Z 01/14 18:00 GWX 18 12 -9.2 3.6 
2- 1 -3.9 1.8 
2-2 0 12 -.9 -.6 
2-2 3.2 3.8 
2-3 0 12 -1.3 -3.8 
2-3 2.6 -3.4 
4-1 X 01/11 05:30 GWX 1 1  13 -3.6 5.6 
4- 1 .2 3.4 
4-2 0 13 -.2 7.8 
4-2 -.I 4.0 
4-3 0 13 -.3 3.8 
4-3 -.6 5.1 






GWX 9 12 
0 12 
0 12 
GWX 11 18 
0 18 
0 18 
GWX 528s 40 45 
0 10 
0 10 
G WX 9 11 
0 10 
GWX 3 4 
0 4 
0 4 
Disturbed 3 6 
0 6 
0 6 
GWX 10 14 
0 14 
0 14 
NUMER l CAL DATA - AVERAGES 
Single-channel NLP/ANC a lgor i thm w i t h  d i s k - f i l e  
Program # FHR-353E 
Input  
No ise - f i l e  parameters: 
A/D ga in  = 2.0 Sampling frequency = 100.0 
To ta l  seconds i n  no ise  f i l e  = 575 
Processing parameters: 
S i g n a l =  .I414 +j 0.000 
Nsec = 270 Kout = 2 Nrun = 2 
Nset = 2 F3dB = 1 .a0 Thresh = 0.707 
Set Axis Date Time Comnent NSC NSS Gn Gta G t f  
16:45 GWX, SD 10 17 -3.1 
-.4 
0 17 -1.9 
5.0 
0 17 11.5 
2.8 
18:00 GWX 10 12 -8.7 
-5.1 
0 12 -1.7 
2.9 
0 12 -1.2 
9.3 
4-1 X 01/11 05:30 GWX 11 13 4.9 
4- 1 3.2 
4-2 0 13 .3 
4-2 1-11 
4-3 0 13 -.0 
4-3 -2.2 
5-1 Y 01/11 06:20 GWX 16 19 7.5 
5- 1 1.7 
5-2 0 19 7.0 
5-2 1.5 
5-3 0 19 3.7 
5-3 .9 
7-1 Z 01/11 07:30 GWX 9 12 -1-8 
7- 1 -2.1 
7-2 0 12 -7.3 
7-2 4.1 
7-3 0 12 -3.3 
7-3 -.4 
8-1 X 01/07 09:40 GWX 11 18 -.3 
8- 1 2.2 
8-2 0 18 -4.6 
8-2 -4 -0  
01/05 11:10 GWX 528s 40 45 
0 10 
0 10 
01/07 11:20 GWX 9 1 1  
0 10 
0 10 
01/12 19:M GWX 3 4 
0 4 
0 4 
01/14 14:00 Disturbed 3 6 
0 6 
0 6 
01/07 10:M GWX 10. 14 
0 14 
0 14 
